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ABSTRACT OF THESIS 
 
EXERGY METRIC FOR THE ASSESMENT OF MATERIAL 
PROCESSING IN MANUFACTURING 
Exergy utilization calculations have been in the past repeatedly used to quantify the quality and 
quantity of energy used in thermal energy processes. This thesis is an attempt to derive a 
common language – exergy utilization and compare for the first time two entirely different 
manufacturing processes, namely material processing by a mechanical method of straining of the 
material and simple heating of the same mass of the material using exergy utilization as a metric. 
The exergy utilization of material processing is determined by performed work and utilized heat 
transfer using 1) Ramberg-Osgood equation and 2) Lumped heat capacitance method. A 
comparison of these two methods is presented. 
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1. INTRODUCTION 
 
1.1  Background 
 
Production and consumption of goods is increasing more voluminous in manufacturing fields 
and will be even much faster in the future. What should be done to keep up with the increasing 
demand and customers wanting better quality products but with less pronounced impact on 
surroundings and with increased positive impact on society? There is a need to develop and 
maintain sustainable processes in every field and manufacturing is no different. The ever 
increasing demands and better quality creates a need to develop and continuously monitor and 
evaluate the appropriate metrics for assessment for manufacturing processes. One such metric for 
comparison is attempted to be developed in this thesis by the use of thermodynamics and it is 
based on the concept of exergy [1].  
 
Exergy is the maximum extractable available energy from a system when it interacts with its 
surroundings. It carries the same units as work (energy), which is Joule (in SI system of units). 
However, exergy is not conserved like energy [2]. Every process in manufacturing is founded on 
the basic principles of conservation and transfer of energy between the involved systems, and 
thus deals also with transfer, use and destruction of exergy. So, the use of the exergy concept 
would be plausible as a metric to compare two processes. The concept of exergy is derived from 
the First and Second laws of Thermodynamics and with an emphasis on the Second Law of 
Thermodynamics [2].  
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 The aim of this thesis work is to attempt a comparison between two entirely different materials 
processing activities relevant for manufacturing processes but using the same metric - exergy. 
The objective of the study is to see whether both can be evaluated and compared using a 
common metric.  There has been not much work done in this particular field of study of systems 
involving materials processing for manufacturing. To the best of the author’s knowledge, there 
was not a common metric (exergy) that involves both quantity and quality of energy used to 
compare two entirely different processes. So, the main hypothesis of this work is that a common 
metric can be used to compare different materials processing with respect to resource (energy) 
utilization.   
 
1.2 Motivation 
 
There has been a large body of work about exergy utilization and system evaluation for energy 
systems such as large power plants, process industry and thermal engineering. However, in the 
field of sustainable engineering, in particular related to manufacturing such studies are very rare. 
One would like to explore a possibility of a use of common metric to evaluate diverse processes, 
such as purely thermal and dominantly mechanical. 
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1.3  Objective 
 
The objective of this thesis is to provide a comparison of exergy utilization needed for 
performing a given task but for two entirely different processes of importance for manufacturing 
operations. The first being materials processing using mechanical deformation  and the second 
being a thermal process of heating of the same unit of mass of the material. The main goals of 
this thesis are listed as follows. 
• To define exergy potential of a given material 
• To derive a theoretical expression  for exergy utilization for straining of a material 
• To calculate the theoretical exergy utilization for a given materials processing for metal 
forming  
• To determine the exergy utilization based on experiments for a given metal forming 
materials processing 
• Compare and discuss the results obtained using theoretical predictions and experimental 
measurements 
• To determine the thermal exergy utilization for a heating of the work piece 
• Compare and discuss the results obtained for selected two different processes 
(mechanical and thermal) 
• Discuss a possible scope for future work in this field of study 
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1.4 Thesis Layout 
 
The thesis starts with an introduction which sets the stage for the inquiry and explains the thesis 
content in brief, the background work done prior to this work, and provides the context review of 
the entire thesis. The second chapter contains the literature review. The review deals in detail 
with the work done prior to this particular effort, and summarizes work done to the related field 
of study. It provides a brief but in-depth coverage of all the sources used and materials consulted 
during the work on the thesis.  This discussion is a basis for a well organized list of references 
and publications needed for future work in the field. Exergy has been selected as a common 
denominator, hence as a needed metric. It is hypothesized that this metric can also be used as an 
information carrier for subsequent economic calculations. 
.  
The third chapter narrows down the scope from a broad prospective and focuses on the primary 
area of interest-manufacturing. Two different type of materials are selected and the arguments 
are provided for this selection. The materials considered include Aluminum 3003 alloy and 
Magnesium AZ31 alloy.  These are selected as representatives of most commonly used materials 
for light weight constructions of interest in sustainable engineering. Furthermore, the theoretical 
derivation of the exergy utilization for a materials processing of straining a material of a certain 
mass and dimension is provided. The same quantities were determined experimentally by using a 
Universal Testing Machine [UTM]. A comparison of the deviations in theoretical and 
experimental studies is provided and the reasons for differences are discussed. The material is 
structured in such a way to extract only essential information and present it within the main body 
4 
of the text of the chapter, with all the other relevant work, auxiliary discussions, and calculations 
given in a series of Appendices.  
  
The fourth chapter contains an analysis of the exergy utilization of a thermal process of material 
heating. This analysis deals with the derivation and calculation of thermal exergy utilization for a 
material to be heated from a given state to a certain pre defined final temperature.  This analysis 
provides the results for an assessment of the exergy utilization for thermal processing for same 
materials as used in the analysis of mechanical processes. The last chapter offers a comparison 
and discussion of the obtained results. This segment of work also gives an insight into the 
perceived future work. This text is accompanied with a number of appendices offering explicit 
derivations, calculations and also all the used computer programs.   
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2. LITERATURE REVIEW 
2.1 Sustainability Overview 
 
Over the recent years, the need to develop and use sustainable systems has been the primary 
concern of industries. Sustainable systems can be defined in several ways and according to 
Washington State Department of Ecology, “It is meeting the needs of the present without 
compromising the ability of future generations to meet their own needs” [3]. A similar definition 
is also presented by The Bruntland Commission [4] and this primary definition of sustainability 
couldn’t be properly understood as everyone has different ways of looking at it. However, 
researches applied the definition of sustainability to their systems in various ways to concentrate 
on their area of work. The 2002 World Summit on Sustainable Development on a global scale 
conducted in Johannesburg, South Africa [5] defines sustainability as “The design of human and 
industrial systems to ensure that humankind use of natural resources and cycles do not lead to 
diminished quality of life due rather to losses in future economic opportunities or adverse impact 
on social conditions, human health and the environment” [5, 6]. 
 
There has been a lot of work in this particular field. The development and improvements in this 
field has been renewed in detail by Mihelcic [4]. The topics discussed in this study are primarily 
the role of economic and social processes and sustainability indicators and illustrates the 
examples of the evolution of sustainability science and engineering.   Schwarz [7] show how 
sustainability can be used to provide a framework for integrating environmental, social and 
economic interests into effective business strategies [7]. The basic metrics are defined which are 
called the basic indicators, and they are measured to provide a track of performance. These 
6 
metrics can be used by a manager to check, develop and improve a process in maintaining and 
developing a sustainable system.  
 
2.2 Concept of Exergy and Its Applications  
  
Exergy is a thermodynamic concept and is defined as “Optimal work that can be extracted from a 
system as it interacts with an environment” [2]. Exergy is additive but not conserved and the 
different types of exergy B can be represented by the following equation [8].  
chphpk BBBBB +++=                                                  (2.1) 
where represents kinetic exergy, represents potential exergy, represents physical 
exergy and  represents chemical exergy (please refer to section 3.1.2 for better understanding 
of different types of exergy).  There has been a lot of work done in the field of exergy analysis 
[12]. Exergy concepts have been applied to process industries, energy fields etc [30]. It is also 
mainly used in consideration of ecological concepts which can be used to assess the influence on 
the environment.  The basic definition, the concept, the formulation and explanation of exergy 
use is clearly discussed by Rosen [1, 2].  Before the use of exergy analysis has been developed, 
the energy analysis has been used with a wide range of economic, environmental and efficiency 
studies. It is, however, very difficult to make energy quality accounting or calculations as energy 
follows a law of conservation, and efficiency studies not necessarily can give a complete 
representation of energy used, energy lost and energy not used [10], in particular by referring to 
quality.  Brunhes [11] showed the drawbacks of energy assessments only.  
kB pB phB
chB
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The loss of exergy which is caused by the irreversibility of the process is directly linked to the 
entropy change. The relationship that defines this loss is called the Gouy-Stodola’s theorem 
represented by the following equation [12, 32]. 
( )STB Δ∑=Δ 0                                                      (2.2) 
This particular equation is extensively used in this thesis work especially for the thermal exergy 
calculations. This provided the base to correlate the entropy generation and exergy utilization 
meaningfully.  Berthiaume [10] provided a comprehensive analysis of the usage of exergy in 
environmental impact of paving material manufacture. .Their work is a study of a macroscopic 
exergy indicator called the CNEx (The Concept of Net Exergy Consumption), proposed for 
calculation of the environmental impact of the transformation of raw materials into finished 
goods.   
 
Another such exergy calculations related to the manufacturing industry is a study of Sodium 
Tripolyphosphate production by Atanasova [33].  Sodium Tripolyphosphate finds a wide range 
of applications and this study shows the exergy efficiency of the system in the related 
manufacturing process. It is found that the exergy efficiency coefficient is only 6.75 % [13]. This 
value is obviously very low; therefore the exergy analysis reveals clearly the possibilities for 
improvement. The study is done on material, energy and exergy balances of the system as a 
whole and of its separate elements.  Masini [8], in their work presented an application of exergy 
concept on five basic metal industries i.e. Steel, Aluminum, Copper, Lead and Zinc industries. 
Their main concentration of interest was on resource and waste accounting purposes. In their 
study they have considered the manufacturing processes from the initial state to the final state of 
production and used exergy analysis to demonstrate how it can be used for resource and waste 
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accounting process. The data indicates that Aluminum industry is characterized by very large 
exergy consumption.  The analysis illustrates that copper, lead and zinc represent an intermediate 
resources utilization between steel and aluminum industries [8].  
 
An interesting study was conducted by Sorin [9] about the Exergy based approach for process 
synthesis. Process design guides transforming of raw materials into the finished products [9].  
This study promotes two approaches for process design. One being hierarchic (called in the 
study) the other approach being mathematical approach.  Using the exergy calculations, a new 
approach for chemical process synthesis has been developed. It shows that this approach may be 
used to define a more exergy efficient benzene synthesis process [9]. 
  
Exergy analysis has also been used extensively in the field of thermal engineering to calculate 
the energy utilization efficiencies.  There has been an increasing application and recognition of 
the usefulness of exergy methods in industry, government and academia in recent years [13]. In 
Rosen, [13].work, the exergy analysis is described in detail and thermodynamic considerations in 
TES (Thermal Energy Storage) systems evaluation are discussed and then exergy analysis for a 
closed system is highlighted. The uses of exergy methods in optimization and design are 
illustrated by determining optimal discharge periods [13]. The authors have examined exergy 
analysis methodologies in detail and applied them to industrial systems for environmental impact 
assessments as well as TES.  
 
Rosen and Dincer [14]., in their study on an industrial steam process have used exergy analysis. 
They have found the technical factors that influence the feasibility of substituting steam supplied 
9 
heating for other energy sources for industrial heating. They concluded that substituting steam 
for some or all industrial purposes is beneficial to other energy resources using technical factors, 
by using of exergy as a metric (when a lower value energy currency such as steam is used in 
place of higher value currency such as electricity). Also, they have proposed alternative 
configurations for the steam supply for broadening the range of applicability in industries [14].  
 
Another interesting concept introduced is the so called cumulative exergy analysis. This concept 
was presented by Morris and Szargut [31]. The cumulative exergy analysis involves raw 
materials, energy, equipment and products in calculation. It can evaluate the thermodynamic 
perfection (defined in the analysis) with different raw materials and production routes for the 
same product. Also, it concluded that the process parameters that have greater effect on energy 
performance cannot produce an optimal value of thermodynamic perfection [15]. The work of 
Feng [15] is using the same concept of cumulative exergy analysis applied to a heat exchanger 
manufacturing. The consumption of both energy and non-energy materials as well as the 
equipment used in the process has to be included in the analysis. The cumulative exergy of raw 
materials is the major component of the total value of exergy utilization. In the same work a 
method to optimize the heat exchange processes was presented [15].  
  
Ayres [16] analyzed the U.S. exergy (energy) usage and linked it with the thermodynamic 
efficiency improvements. The basic concept called ‘growth engine’ is introduced. It provides a 
positive feedback loop involving declining costs of inputs and increasing demand for lower 
priced outputs. The purpose of the work is to reformulate the idea of this ‘growth engine’ in 
terms of the service provided by energy inputs. It is defined as the product of exergy inputs 
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multiplied by conversion efficiency. The attempt was to reconstruct the useful work performed in 
the U.S. economy during the twentieth century. Two important conclusions were offered. The 
first conclusion is that for the last century the locus of technical progress has moved from energy 
(exergy) conversion efficiency to end use efficiency (service output per unit of work). Also, 
purely thermodynamic efficiency improvements at the converter (equipment) level were largely 
exhausted by the 1960’s [16]. The second important observation was that the growth of exergy 
consumption has had an enormous impact on the past economy. A hypothesis emerged that the 
improvement in the production of primary work may account for that portion of the economic 
growth attributable to ‘technical progress’ [16].  
 
Another economic study on energy efficiency is conducted by Stepanov [17]. This study is 
similar to the case of Ayres [16]; but it is conducted for a different nation - former U.S.S.R. The 
work consists of a determination of the thermodynamic efficiency of energy use in large scale 
productions and calculates the theoretically minimum exergy consumption for the process 
effectiveness. The processes include chemical transformations, deformation in rolled-stock 
production, space heating and hot water supplies. The conclusion made was that the substitution 
of useful energy by the value of minimal exergy consumption when studying chemical or 
metallurgical processes and manufacturing a product makes it possible to apply such universal 
indices as energy and exergy efficiencies [17].  
 
Hammond [18] discusses how energy and exergy analysis may be used to evaluate appropriate 
measures for sustainability. The area of focus of sustainability is clearly presented in the work 
with a ‘Venn Diagram’ which was adopted from Parkin (2000) [18]. In this diagram, the society, 
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ecology & thermodynamics and economics & technology featured an interaction with one 
another, and the common region of interest for improvement of all these is called as 
sustainability [18]. In this paper, there is a discussion provided certain parameters.  These 
parameters were used in this work provide a method of improving them in order to build a 
sustainable system.  The exact interpretation of what sustainability is and what are the regions of 
focus for improvement were discussed.  
 
A different study was conducted by Bakshi [19] on thermodynamic framework for ecologically 
conscious process systems engineering. The approach used by the author is to use 
thermodynamics to exploit the synergy between different methods from process systems 
engineering, systems engineering, systems ecology and life cycle assessment to overcome the 
shortcomings of individual methods from each field [19]. The proposed framework in this 
research is applicable to assist decision making in chemical and other engineering tasks. The 
conclusions that were drawn from this work were that a new approach for ecologically conscious 
process systems engineering can be formulated. The proposed framework is expected to be a step 
towards a systematic and rigorous approach for evaluating and satisfying the so called “triple 
bottom line” (triple bottom line consists of economic, environmental and social factors) in all 
engineering decisions [19].  
 
As observed in all the above cases, exergy based metrics were used and practical conclusions 
were drawn for a variety of processes. The exergy calculations accounted were for particular 
processes and large systems – most often energy related and less prominent for manufacturing. 
As far as the knowledge of the author goes, there hasn’t been much work devoted to a 
12 
comparison of different processes using a simple exergy metric. This thesis is an attempt to 
compare two entirely different material processing i.e. mechanical deformation and a heating 
treatment, but using the exergy utilization as a metric. 
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3. EXERGY UTILIZATION FOR MATERIALS PROCESSING OF Al & Mg ALLOYS 
3.1 Introduction  
The analysis in this chapter offers an approach to both theoretical and experimental evaluation of 
mechanical (elastic and plastic) exergy utilization needed to perform certain mechanical 
deformation. This exergy amount constitutes a component of the overall exergy utilization within 
a material’s processing during manufacturing [34]. 
 
Assume that the material used to manufacture, say  the heat exchanger tubes of a compact heat 
exchanger is initially in the form of a flat plate (without considering elastic/plastic exergy for  
due to a prior process of  metal forming. The plate has a thickness t, length l, and width p as 
indicated in Fig 1. The plate material is characterized with a stress-strain diagram similar to the 
one shown in Fig 2. A tube manufactured from this sheet has a form as shown in Fig 1(b). 
 
Fig 1.Initial (a) and final (b) shape of the material before and after metal forming  
14 
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Fig 2.The stress-strain curves of a typical Aluminum alloy (Plot drawn to the trail 1 for Al alloy 
stress-strain values, see Fig. 7) 
The material undergoes a significant strain during metal forming and there must be significant 
exergy utilization during this process. The amount of exergy used must be equal to the work 
done on the material. Hence, in a mechanical process (a process involving a mechanical work 
only); the exergy use is trivial to determine, if one has all the information needed for 
determination of the needed work. A need to express this work in terms of exergy, however, is 
not a semantical issue. The importance of the introduction of exergy is justified by the fact that 
exergy equivalent of a non-mechanical materials processing would not be possible to determine 
using the energy balancing only.  Such exergy quantity would involve the quality of thermal 
interactions. In such a manner, a common metric (exergy) for both mechanical and non-
15 
mechanical processing will be possible to evaluate. The work done in a mechanical process can 
be obtained by calculating the integral involving the stress-strain dependence (a theoretical 
amount with no losses). The general shape of the stress-strain curve is presented in Fig 2. The 
elastic and plastic exergy uses are presented in the Fig 3. Therefore, calculating the area under 
the stress-strain curve would give us the work which can be represented as an exergy use 
involved with material forming [20].  
 
 
Fig 3. The true stress-strain curve used in this analysis 
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To calculate the required exergy demand, two equivalent but not identical procedures may be 
followed. 
1) Integrate analytically the equation )(εσ f=  up to the given strain to be accomplished 
(Method 1) 
2) Determine the work needed for the given strain to be accomplished using experimental 
data use will follow both procedures directly (Method 2)  
 
3.1.1 Units Clarification 
There is a need to clarify the units used in the analysis for better understanding. All the values 
are represented in SI system.  
 
The basic equation of work is represented as below. 
∫= εσ dw  [Pa][-] 
which also means                           ∫= εσ dw  [N/m2][-] 
Multiplying and dividing by the same unit will not change its representation, therefore using this 
principle, when we multiply and divide the previous equation by m gives, 
∫= εσ dw  [N/m2][-][m/m] 
∫= εσ dw  [N-m/m3][-] 
And N-m is a Joule, J , therefore 
∫= εσ dw  [J/m3] 
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The work can also be represented by Joule per unit volume, and hence exergy can also be 
represented by the same units. These units are consistently used in the entire thesis. Some graphs 
and plots represent Joule per square meter for better understanding.  
 
3.1.2. Initial Exergy of a Material 
There is a need to know the initial exergy of a material in a given state. The majority of technical 
processes are flow processes. Hence, from a practical point of view, the exergy B of a stream of 
substance crossing the immovable system boundary [29] is of importance. Kotas [30] has termed 
the exergy BBs of a substance contained inside the system boundary as “stagnation exergy” [30]. 
The general form of total exergy excluding nuclear, electrical and interfacial exergy is given by 
the following equation. [31].
chphpk BBBBB +++=  
where BB= Total exergy in the material 
BBk = Kinetic exergy (Kinetic exergy is equal to the kinetic energy, when the velocity is 
considered relative to the surface of the earth) [31] 
BBp= Potential exergy (Potential exergy is equal to the potential energy when it is evaluated with 
respect to the average level of the surface of the earth in the locality of the process under 
consideration ) [31] 
BBph = Physical exergy  
Physical exergy is the work obtainable by taking the substance through reversible physical 
processes from its initial state temperature T and pressure p, to the state determined by the 
temperature T0, and the pressure p0, of the environment [31]. 
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And the physical exergy is also represented by the following equation 
χρρχχ dXdAgB ebXXp )( 0max0 −∫∫−= =  
where  A =  Horizontal cross section of the body under consideration 
0,ρρ = Density of the body and of surrounding matter 
g= Gravitational acceleration (assumed to be constant) 
X= Internal coordinate of the height, measured from the lowest point of the body 
χ =External coordinate of the height, measured from the reference level 
eb χχ , = The coordinate of the cross section under consideration at the actual moment an in the 
state of stable equilibrium.  
 
BBch =Chemical exergy 
Chemical exergy is the work that can be obtained by taking a substance having the parameters T0, 
p0, given composition and to the state of thermodynamic equilibrium with the datum level of the 
components of the environment [31]. There must be a selection of reference level to calculate the 
chemical exergy of the material. The selection of reference level was proposed by Szargut [31]. 
The exact chemical exergy of a material is impossible because of the lack of sufficiently exact 
thermodynamic data, the calculation should be made with currently available data and the result 
should be accepted as a conventional standard value of the chemical exergy of the element under 
consideration.[31]. 
 
In some cases the physical and chemical exergy are represented as thermal exergy given by BBth. 
The value of the initial exergy of Al alloy and Mg alloy used can be evaluated using the above 
formulae and/or definitions. This value may be evaluated at the given state. The physical value 
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of exergy maybe equal to or close to zero if a material is in thermal equilibrium with 
surroundings, but the value of chemical exergy may not be. The procedure for calculating these 
exergy values is explicitly explained by Szargut,J et al [31] and the standard values of the 
chemical exergy of the element in kJ/mol for pure Al is 888.4 kJ/mol and for pure Mg is 633.8 
kJ/mol. These are the solid reference species and their conventional average concentration in the 
external layer of the earth crust. The standard chemical exergy of the solid reference species for 
these elements can be estimated by a proposed idealized model of the solid environment, based 
on the assumption that the solid reference species can be treated as the components of an ideal 
solution [31]. Their standard chemical exergy is determined by the following equation which is 
based on conventional mole fractions nχ . 
innch RTib χln0 −=  
where = the standard chemical exergy, R= Universal gas constant, T= Room 
temperature,
ibch
0
nχ = Conventional mole fraction 
The author understands that this thesis deals with Al alloy and Mg alloy rather the pure Al and 
pure Mg and there are bound to be changes in the values of the initial exergy of the material 
(presented above). As the initial exergy of the material is not of the primary region interest for 
the calculations, they do not affect the results given in this thesis as long as the chemical exergy 
changes are not involved with materials processing. If, however, during processing certain 
chemical processes take place, the correct representation of chemical exergy in any given state is 
necessary.  
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3.2 Exergy Utilization Calculation (Method 1) 
 
 To find the exergy utilization using an analytical procedure, the equations derived in solid 
mechanics theory for a given material should be considered. A general equation of stress-strain 
curve is given by the “Ramberg-Osgood equation” [21]. This equation is dimensionless and 
expressed explicitly in terms ofε , not σ , i.e. 
n
EE ⎟⎟⎠
⎞
⎜⎜⎝
⎛+= σβσε               (1) 
where                                   
1
7.07
3
−
⎥⎦
⎤⎢⎣
⎡=
n
E
σβ                                              (2) 
where E is the Young’s modulus of elasticity, n is the characteristic constant depending on the 
shape of the curve, 7.0σ  is the secant modulus at 0.7E. The determination of the secant modulus 
is detailed in Appendix D. 
By substituting equation (2) in equation (1), the following equation is obtained.      
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The value of “n” can be obtained by the following equation [21].  
⎟⎠
⎞⎜⎝
⎛+=
85.0
7.0ln
7
17ln
1
σσ
n                                              (4) 
where 85.0σ  represents the secant modulus at 0.85E 
As emphasized earlier, to calculate the elastic and plastic exergy utilization due to metal forming, 
there is a need to calculate the mechanical work needed to produce a certain strain [deformation].  
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 The analytical procedure of this calculation is shown in Appendix A. The final results are given 
the following equations. 
Total exergy change per unit area (pt) 
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Plastic exergy change per unit area (pt) 
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 where  is the total exergy used for mechanical deformation,  is the plastic 
exergy use,  is the strain at the final point of interest and  is its corresponding strain.  
represents the cross-section exposed to strain (refer to the Fig 5.).  
phmB , plasticphmB ,
*σ *ε areaA
 
In conclusion one can state that, to obtain the values of the total, elastic or plastic exergy 
demands for a process analytically, one needs to have information on accurate stress-strain 
curves. This will lead to a precise determination of the parameters involved in the 
correlation )(εσ f= .  The most reliable would be to determine these values for a given material 
by performing a set of experiments (tensile testing).  Therefore, the tensile testing is performed 
on materials by using a Universal Testing Machine to get the true stress-strain curves. The 
analyzed alloys are Al 3003 and Mg AZ31.  The experimental setup and procedure is discussed 
next. 
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3.2.1 Experimental Determination of the True Stress-Strain Relationships  
3.2.1.1. Experimental Setup and Materials 
To find the values for the correlation )(εσ f=  for the selected AA 3003 and Mg AZ31 alloys, a 
series of experiments were conducted. Tensile testing machine is used to find such results. The 
testing facility is illustrated in Fig 4. 
 
Fig. 4. Universal testing machine [UTM] MTS 810 material test system  
All experiments were performed at room temperature conditions. The work piece of the 
following dimensions is used in the experiments. 
Work Piece  Rectangular Cross-section 
Width: p 0.00635 m (0.25 in) 
Thickness: t 0.003175 m (0.125 in) 
Length: l 0.0508 m (2 in) 
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The representation of the work piece is as shown in Fig 5. 
 
Fig 5. Representation of the work piece with dimensions used in the experiment 
The experiment is conducted following a standard ASM procedures [28].  Of the materials used 
in the experiment are complied in the following table (Al 3003 and Mg AZ31 alloys).  
 
Al 3003 Alloy [24]  Si Fe Cu Mn Zi Al 
 0.60% 0.70% 0.05-0.2% 1-1.5% 0.10% Remainder 
       
 Al Zn Mg    
Mg AZ31 Alloy[25] 3% 1% Remainder    
 
A sheet of the thickness of the work piece was cut according to the dimensions shown in Fig 5 
using a CNC machine. A pre defined program was used by the CNC machine to cut the work 
piece to the exact dimensions.  
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3.2.1.2 Experimental Procedure 
 
The experimental procedure has been executed as described in the following steps. The work 
piece shown in Fig 5 is used in this experiment.  
1) The work piece is fixed in the bottom gripper of the tensile testing machine as shown in 
Fig 4. 
2) The top gripper is adjusted till it holds the work piece handle 
3) The grippers are adjusted till the work piece is firmly set  
4) The extensometer (INSTRON GL50mm 2630-111 is used in the experiment, it has 50 
mm gauge length and measures +/- 5 mm tolerance, which implies it measures +/- 10% 
elongation) is placed on the region of interest which is the 0.0508 m at the center from 
the by point A in Fig 5. 
5) The force is gradually applied using the load cells 
6) The readings (the loads applied and corresponding strain data) are monitored by the 
computer 
7) The force is applied till it reaches the fracture limit 
8) The loads applied and corresponding strain data are registered. 
 
 The readings as indicated in the step 6 above are recorded by the computer and the experiment is 
repeated for total of ten samples (five for each alloy). Note that the rectangular cross-section 
work pieces were used as shown in the Fig 5 rather than a round cross section work piece. The 
uncertainity for the strain measurements for the Al alloy is found to be Θ  =± 0.50 x 10-6, both 
25 
and the uncertainity for strain for Mg alloy is found to be Θ =± .76 x 10-6 at 95 % confidence 
intervals. The procedure for determination the uncertainity analysis is presented in Appendix G.  
A number of repeated tasks are done to secure more accurate readings.  The pictures of the work 
pieces before and after testing are presented in Fig 6. 
                  
Fig 6.The work piece before (a) and after (b) the test 
The images correspond to the Al alloy work piece and almost an identical appearance was 
observed for Mg alloy as well. 
 The following data is obtained from the experiment  
1) Time in second 
2) Load in Newtons  
3) Extension in millimeters 
4) Tensile Strain, dimensionless 
5) True Strain, dimensionless 
6) Tensile Stress in MPa 
7) True Stress in MPa 
The values taken from the computer are listed in Appendix B. The prime task at this step was to 
determine the relationships between the true stress and true strain. The graphs of the trails for 
each of the two materials are as plotted in Fig 6 & Fig 7. 
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Fig 6a.Combined true stress vs true strain graphs for Al alloy 
The trail 3 of Al alloy is eliminated from the further study as there was an error in the way the 
experiment is conducted. It was found that there was a small notch in the work piece in this trial. 
According to the stress concentration theory, a large and uniform notch does not affect the 
experimental results; however, a small notch within the range of the extensometer readings 
would give an improper data. This is what happened in this particular case. There is an apparent 
consistency except for the eliminated test in all the trials and the graphs are plotted up to a value 
of strain of 0.01 as this is the primary region of interest for subsequent calculations. Similarly, 
the graph for Mg alloy is plotted below, see Fig 7. 
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Fig 7. Combined true stress vs true strain graphs for Mg alloy 
As observed, the consistency in the graphs of Mg alloys σ  vs ε  relationships also exists.  
3.2.2 Verification of the Validity of the Ramberg-Osgood Equation 
The theoretical “Ramberg-Osgood” equation is used to calculate the exergy values as work 
performed during the tensile testing. Using this theoretical equation for calculation should be 
verified for validity for given materials and stress-strain value ranges. To check the applicability 
of this particular equation, a verification of Ramberg-Osgood equation is preformed (See 
Appendix C). This verification has demonstrated that difference between the theoretical 
(Ramberg-Osgood equation) and experimental results is in average less than 10% in the value of 
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stress vs given true strain magnitude of 0.01. An example of the comparison is given in Fig 8. 
This and the remaining verification graphs are given in Appendix C. Within the ranger of true 
strain relevant to this study agreement between the experimentally determined values of true 
stress and predicted is very small for the elastic part and periodically increases with the increase 
in true strain for most Al cases. A much better agreement is established for Mg alloy tests, except 
for one case, see Appendix C.  
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Fig 8. Graph comparing the theoretical and experimental data for Al alloy trial 1 
3.2.3. Exergy Calculations (mechanical processing) 
Using the prediction based on Ramberg-Osgood equation, the calculations of exergy utilization 
needed to perform a certain pre-defined task is executed. The task is to read the true-strain of 
0.01. Subsequently, the same calculations of exergy utilization for the given task were given task 
were performed, by direct experimental data. 
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 3.2.3.1 Exergy Utilization for Materials Processing by Mechanical Forming (Al and Mg 
alloys) 
 
The summary of the results from the analysis performed by using both methods are shown 
below. The exergy utilization calculation details are presented in Appendix D. The comparison 
of the four sets of data for Al alloy is provided in the Table 1, and plotted in the Fig 9. Therefore, 
the 4218.03 kJ/m2 on average is required to produce a deformation of 0.01 strain in Al 3003 
alloy and 5338.39 kJ/m2 on average for Mg AZ3 alloy for the same strain value. 
TOTAL  ELASTIC PLASTIC RATIO TRIAL # 
EXERGY USE EXERGY USE EXERGY USE PLASTIC 
EXERGY 
/ELASTIC 
EXERGY 
1 4204.9 316.23 3888.67 12.3 
2 4227.65 316.31 3911.34 12.37 
4 4248.96 316.31 3932.64 12.43 
5 4190.6 316.31 3874.28 12.25 
AVERAGE 4218.03 316.29 3901.74 12.34 
  
 Table 1 Comparison of five sets of Al alloy data 
Please note that the plastic and elastic exergy utilization calculations in this thesis are based on 
the assumption that the calculation of elastic exergy is done at yield point of the material.  
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Fig 9.Total and plastic exergy utilization for Al alloy, Note: Trail 3 is eliminated. 
The comparison of the four sets of data for Mg alloy is provided in the Table 2 and is graphically 
represented in the Fig  10. 
PLASTIC 
EXERGY 
CHANGE 
TRIAL # TOTAL EXERGY 
CHANGE KJ/m² 
ELASTIC 
EXERGY 
CHANGE 
KJ/m² KJ/m² 
RATIO PLASTIC 
EXERGY/ELASTIC 
EXERGY 
1 5338.9 2347.22 2991.68 1.27 
2 5355.9 2384.78 2971.12 1.25 
3 5338.75 2347.23 2991.52 1.27 
4 5328.1 2347.3 2980.8 1.27 
5 5330.3 2347.2 2983.1 1.27 
AVERAGE 5338.39 2854.75 2483.64 1.27 
 
Table 2 Comparison of five sets of Mg alloy data 
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The values in the above table are represented in the form of a plot as shown below. This 
histogram represents the comparison between the total exergy use and the plastic exergy use for 
mechanical deformation of the considered Mg alloy. 
   Fig 
10.Total and plastic exergy utilization for Mg alloy 
The plot given in Fig 11 represents a comparison of the total exergy changes for two different 
materials used. As seen, the total exergy use needed to do the same task for Mg alloy is greater 
than that of Al alloy. The task in both cases was to produce a material deformation up to a strain 
of 0.01.  
 
Fig 11. Comparison of total exergy utilization for the two alloys 
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The plot in Fig 12 represents a comparison of elastic exergy utilization needed for presented 
mechanical task for the two different materials used. The elastic exergy requirement for Mg alloy 
is significantly greater than that of an Al alloy. This is due the fact that Al alloy has the yield 
point lower than the one for the Mg alloy. Therefore, it takes more exergy to deform Mg alloy 
than an Al alloy.  
 
Fig12. Comparison of elastic exergy utilization for the two alloys 
 
The plot Fig 13 shows a comparison between the plastic exergy between the two alloys used. In 
this case, the plastic exergy of the Al alloy is greater than that of Mg alloy. This is due to the fact 
that the yield point of an Al alloys starts very early when compared to that of Mg alloy. 
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Fig 13. Comparison of plastic exergy utilization for the two alloys 
3.2.3.2 Observations from the Tables and Graphs 
1) Total exergy use needed to do the mechanical deformation for Mg alloy is greater than 
that of Al alloy for the same presented task, i.e., to achieve  strain 0.01 
2) There is much greater elastic exergy utilization in Mg alloy than that of Al alloy for the 
same strain 0.01 
3) The plastic exergy utilization for Al alloy is much greater than that of Mg alloy for the 
same strain 0.01 
4) Therefore, more exergy is required to do the same deformation for Mg alloy than for Al 
alloy 
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3.3. Analytical Method to Calculate Exergy Utilization (Method 2) 
To find the exergy needed for performing the same mechanical task using the experimental data 
directly, a simple program in MATLAB is defined. This approach calculates the work needed 
(i.e. exergy) by calculating the area under the experimental true stress-strain curve (i.e. without 
analytically interpretation of Ramberg-Osgood equation). The MATLAB program and the results 
are summarized in APPENDIX F. The results are as presented in the following Table 3 and 
Table 4 for Al and Mg alloys respectively.  
  TRAIL # TOTAL EXERGY USE IN kJ/m2
1 4175.13 
2 4159.25 
4 4127.50 
5 4127.50 
AVERAGE 4147.35 
Table 3 Total exergy utilization for Al alloy  
TRAIL # TOTAL EXERGY USE IN kJ/m2
1 5492. 75 
2 5302.25 
3 5302.25 
4 5365.75 
5 5175.25 
AVERAGE 5286.37 
Table 4 Total exergy utilization for Mg alloy  
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As can be seen from Tables 3 and 4, the comparison of the theoretical values obtained using 
‘Ramberg-Osgood’ equation and experimental data; it becomes obvious that there is a very small 
difference in the values of exergy utilization following two equivalent methods. This confirms 
the same conclusion from Appendix C, that the use of ‘Ramberg-Osgood’ equation is acceptable 
with a tolerable deviation in the respective data. 
 
The following plot represents the comparison of values between experimental and theoretical 
results for Al alloy. The absolute difference between the theoretical and experimental exergy 
utilization for Al alloy is 71 KJ/m² (on average) till a strain of 0.01. That is there is a percentage 
of 1.71 % increase in the theoretical value than the experimental value. 
 
 
 
Fig 14 Difference in two methods total exergy utilization for Al alloy  
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Difference Between Two Methods for Mg Alloy 
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Fig 15. Difference in two methods total exergy change for Mg alloy 
 
The plot at Fig 15 is a similar representation for aluminum. The absolute difference between the 
theoretical and experimental exergy utilization (on average) for Mg alloy is 52 KJ/m² till a strain 
of 0.01. That is there is a percentage of 0.97 % increase in the theoretical value than the 
experimental value. 
. 
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4. EXERGY UTILIZATION FOR THERMAL PROCESSING FOR Al & Mg ALLOYS 
 
4.1 Introduction  
 
The previous chapter deals with the determination of exergy utilization for materials processing 
by mechanical straining for Al 3003 alloy and Mg AZ31 alloy. In this chapter, a calculation of 
both exergy loss caused by finite temperature difference and exergy utilization for a thermal 
processing (i.e. heating) for the same two alloys is performed. Subsequently, a comparison of 
exergy utilization for materials processing and thermal processing will be discussed in the next 
chapter.  
 
As discussed in chapter 1, exergy in a given state represents a theoretical maximum work 
obtainable for a given system versus a reference state of the system when it is allowed to interact 
with the environment to attain the equilibrium [1]. That means exergy can be calculated for a 
distinct set of states along the material processing. The difference between the exergy values 
would, in ideal case of fully reversible process indicate the exergy utilization needed to change a 
state from one to the other. This type of calculation was performed in the previous chapter for 
purely mechanical deformation (with no exergy losses caused by any secondary process). In this 
chapter, an attempt to determine how much exergy in form of heat is needed to perform different 
task – a thermal processing. In addition the calculation of the exergy loss caused by heat transfer 
across the finite temperature difference during given heating task is presented. The derivation 
and explanation of the exergy loss is presented in detail in Appendix H (Part I).  This particular 
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equation is derived using the Gouy-Stodola’s Theorem [12]. The loss of exergy, which caused by 
the irreversibility of the process due to finite temperature difference is  
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −==
H
L
L
genD T
TT
T
QSTB 100                                      (7) 
where represents the exergy loss,  represents the reference temperature, represents the 
entropy production due to heat transfer across finite temperature difference,  is the heat 
transfer during this process transferred from the higher to the lower temperature level and 
DB 0T genS
Q
LT , HT  represents average/mean temperature of the heated object and mean temperature of the 
heater.   
 
The relationship Eq. (7) assumes that product exchanges energy in form of heat while being (in a 
first approximation) at a mean (constant) temperature between its initial and final values. In this 
application, however, this is not the case. If one determines a proper mean LT  value, the 
calculated exergy loss would be (most likely) close enough to the exact value. This has to be 
established rigorously. For such analysis, one should assume that (t) changes between an 
initial value in a limit equal to  to a desired value of . The analysis that follows attempts to 
determine entropy generation and exergy loss for such a case but in an exact rigorous manner. 
LT
0T LT
 
Consider a system as shown in Fig.15; this is a metal bar of mass ‘m’. Let it be at an initial 
temperature of (which is the reference temperature in this case) and it is to be heated to a 
temperature of where the source is at a temperature of . 
0T
LT HT
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 Fig 16 Figure representing a closed system heating 
The total energy transfer Q  occurring up to sometime t  is given by the following equation. The 
derivation and explanation of the equation is provided in Appendix H (Part II). 
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The assumption that is used in this heating process is that the body heating follows the lumped 
capacitance conditions [25]. That is, this implies that the temperature gradients within the solid 
during heating are negligible. For this condition to be valid, the Biot Number has to be less than 
0.1. The validation of this condition is also provided in the Appendix H (part II).  It should be 
noted that many processes, for example, any brazing process must be performed with a great deal 
of care with respect to this temperature uniformity anyway – because the brazing conditions 
require it. So, such idealization is plausible from this point of view as well.  
Differentiating Eq. (8), one gets 
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The differential of the entropy generation is now given by (see Eq. (H.9) in Appendix H) 
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The temperature reached by a solid at an instant t  is given by [26]  
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Eq. (11) can be re-written in the following format 
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Substituting Eq. (12) and Eq. (9) in Eq. (10), one gets 
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Integrating the above equation & substituting the limits, the following result is obtained. 
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The exergy loss needed to thermally treat the material is given by Eq. (15) 
genD STB 0=                                                               (15) 
where  is given by the Eq. (14) genS
4.1.1 Exergy Transfer Rate Associated with Heat Transfer Rate 
As the work piece is heated the exergy in the work piece increases. In a simple closed system 
where the work piece is heated from a reference surrounding temperature to a higher 
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temperature, the differential (exergy utilization corresponding to a differential dQ) is given by 
Eq. (16) [32]. 
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Substituting the values of from Eq. (12) and Q from Eq. (9), the following is obtained                                     LT
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Upon integrating Eq (16) & substituting limits the following generalized equation is obtained  
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Subsequently, the calculations for the exergy loss and the exergy utilization are performed in 
next and finally a comparison of these values is presented in the chapter 5.  
 
4. 2 Al 3003 Alloy Calculations for Exergy Loss 
 
The exergy loss is defined by Eq. (15) and can be determined if the entropy generation is 
determined. Consider the process in which the Al 3003 alloy is heated. The same dimensions 
(effective dimension of the work piece – 0.0508x0.00635x0.003175 m3) and mass of the material 
as in mechanical process are assumed. Let the work piece temperature be at an initial 
temperature of =300 K and the source temperature is at = 900 K. Let the work piece be 0T HT
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heated to a temperature of 600 K.  So, the body is heated from 300 K to 600 K ( = 600 K). The 
following input data are used. 
LT
ρ = 2700 kg/ m³, V= 1.025x 10-6 m³, As= 0.32x10-3 m² and c= 893 J/ kg K 
The next step in the analysis is to calculate the value of h, heat transfer coefficient for the 
considered process of heating assuming a free convection condition.   
Reference surface temperature is given by the following equation, 
2
0 L
S
TTT += = (300+600)/2 = 450 K 
The “film temperature” estimation at which the properties are to be evaluated is given by  
2
HS
F
TT
T
+= = (450+900)/2 = 675 K 
From table A.4 from [27] the properties for material (air at =675 K) is as follows   FT
ρ =0.5165 kg/m³, c= 1.069 kJ/ kg K, μ =330.6x 10-7 N.s/m², v= 64.15x 10-6 m²/s,  
k = 53.65x 10-3 W/ m K, α = 92.65 x 10-6m²/s and Pr= 0.693 
One has to calculate the Rayleigh number [27], first, to be able to determine Nusselt number. 
The conditions, for this calculation are as listed below 
1) External free convection flows 
2) Horizontal surface up or cold surface down 
3) Ambient air quiescent 
4) Surfaces radiation effects are negligible 
 
( )
α
β
v
LTTgR HSaL
3−= = 9.8x (1/675) (900-450) (0.0503³)/ (64.15x10-6x92.65 x10-6) 
        = 14.0x104
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Using the equation   [29] gives the value of =10.44 4/154.0 aLL RNu = ULN
Therefore, the value of h, can be obtained by the following equation 
L
kNuh L= =11.14 W/ m² K 
Now, substituting all the values in Eq. (14), with the upper and lower limits to be time at t =0 
and t = 480.5 s respectively. The following value of entropy generation is obtained. 
KJS gen /8893.0=  
Therefore, exergy loss involved with the raise of the Al 3003 alloy temperature in a heating 
process by one degree Kelvin Eq. (15), is as follows.  
DB =300 x 0.8893= 266.62 J  
 
4.3 Mg AZ31 Alloy Calculations 
 
Consider the exergy loss for performing the same task as for Al alloy, but for the magnesium 
material. Consider the same process in which the Mg AZ31 alloy is heated. The same 
dimensions and mass as in the case of Aluminum alloy are assumed. The exergy loss is defined 
by Eq. (15) and can be determined if the entropy generation is determined. Let the work piece 
temperature be at an initial temperature of =300 K and the source temperature is at = 900 
K. Let the work piece be heated to a temperature of 600 K.  So, the body is heated from 300 K to 
600 K ( = 600 K). 
0T HT
LT
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The heat transfer coefficient is same as calculated in case of Al alloy as the conditions are the 
same. Therefore, 
L
kNuh L= =11.14 W/ m² K 
Substituting all the relevant values in Eq. (14), with the upper and lower limits to be time at t =0 
and t =310 s respectively. The following value of entropy generation would be. 
KJS gen /667.0=  
Therefore, exergy loss involved with the raise of the temperature of the Magnesium alloy by one 
degree Kelvin is given by  genD STB 0=
DB =300 x 0.667 = 200 J 
 
As seen from both the results, the exergy loss for Aluminum alloy is 67 J (i.e. 25% greater) 
greater that the Magnesium alloy.  
 
4.4 Al 3003 Alloy Calculations for Exergy Utilization 
The value of exergy utilization for Al alloy 3003 by a process of heating by 300 degree Kelvin is 
calculated by the Eq. (18). 
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The values are same as used in the previous calculations, therefore 
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 4.5 Mg AZ31 Alloy Calculations for Exergy Utilization 
The value of exergy utilization for Mg AZ31 alloy by a process of heating by 300 degrees Kelvin 
is calculated by the Eq. (18). 
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The values are same as used in the previous calculations, therefore 
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If one would like to represent the loss of exergy due to heating of a material during processing, 
either an average (mean) temperature if the product must be determined, or the determination of 
exergy loss (Eq.(H.9) ) should be formulated starting with a differential exergy loss due to a 
delivery of dQ across the temperature difference )(tTTT LH −=Δ  that changes in time and 
which follows ∫ ∫ ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= dQ
TtT
dS
HL
gen
1
)(
1 . The use of the above equation would give an 
accurate result of the exergy loss.  
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5. RESULTS FOR MATERIAL PROCESSING AND THERMAL PROCESSING OF 
Al ALLOY & Mg ALLOY 
  
 
This chapter offers a discussion involving obtained results for both (i) mechanical and (ii) 
thermal processing. A comparison of these two entirely different processes is made in this 
chapter by using a unique metric of exergy utilization.  
 
5.1 Results and Discussion for AA 3003 
From chapter 3, the results obtained for the exergy utilization per unit area for Al alloy based 
either on analytical prediction or experimental work indicates a small variation. Therefore, it is 
concluded that the exergy utilization for both Aluminum and Magnesium materials can be 
performed using ‘Ramberg-Osgood’ calculations if the empirical values for exponent “n” is 
calculated. In that case, analytical integration can be performed without a need for experimental 
data handling. The average value of exergy utilization for mechanical process per unit area 
obtained from the theory using Ramberg-Osgood equation is )/( , areaphm Aε = 4218.03 kJ/m2. 
And the value obtained from the experiment is )/( , areaphm Aε = 4147.35 kJ/m2. For better 
accuracy of the calculations, the value obtained from the experiments should be considered for 
comparison. The main point is to deduce that the total exergy utilization to achieve a strain of the 
body of 0.01 can be used as a metric for exergy utilization to be compared with corresponding 
values for other processes. The total exergy utilization for volume (plt =1.024 x10-6 m3 segment 
of the work piece considered in the experiment) is equal to the product of exergy utilization per 
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unit square meter times the area of the work piece (pt). That is equal to )( , phmε = 1338 J of 
exergy utilization for a given mechanical deformation of 0.01 strain.  
 
The results obtained for the exergy utilization for a heating of the same mass of material as 
considered for mechanical processing for a temperature raise of 300K is 973 J. So, for one 
degree Kelvin raise in temperature, it takes 3.24 J of exergy utilization. Therefore by 
comparison, with 1338 J of exergy, the temperature of the same mass of material can be raised 
by 413 K. And comparing the other way around, the same exergy of 3.24 J can be used to strain 
the same mass of material to 0.02 x 10-3. For better understanding of the concept, the following 
graphs are presented. 
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Fig 17. Graph representing exergy utilization vs true strain for Al alloy 
 
The point A in the graph represents the strain that is achieved by the use of 1338 J of exergy and 
the point B represents the amount of strain that can be produced by the use of 3.24 J of exergy. 
Point B in the graph is the representation of true strain that can be produced in a mechanical 
deformation process by using the same amount of exergy as that to raise the same mass of 
material by 1K.  
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Fig 18. Graph representing exergy loss vs temperature raise for Al alloy 
 
The point C in the graph represents the temperature raise that can be achieved by the use of 1338 
J of exergy and the point D represents the temperature raise that is achieved by the use of 3.24 J 
of exergy. Point C in the graph is the representation of temperature raise that can be produced in 
a thermal process by using the same amount of exergy as that to produce a strain of 0.01 for the 
same mass of material. 
 
50 
5.2 Results and Discussion for Mg Alloy 3003 
 
From chapter 3, the results obtained for the exergy utilization per unit area for Mg alloy based 
either on analytical prediction or experimental work features a small variation. The average value 
of exergy utilization per unit area obtained from the theory using Ramberg-Osgood equation is 
)/( , areaphm Aε = 5338.39 kJ/m2. And the value obtained from the experiment is )/( , areaphm Aε = 
5286.37 kJ/m2. For better accuracy of the calculations, the value from the experiments is 
considered for comparison. However, the point is to deduce that the total exergy utilization per 
unit area to achieve strain of the body of 0.01. Therefore, the total exergy utilization for a volume 
of the work piece (plt=1.024x10-6) is equal to the product of exergy utilization per unit times the 
area of the body (pt). That is equal to )( , phmε = 1705 J of exergy utilization.  
 
The results obtained for the exergy utilization for a heating of the same mass of material as 
considered for mechanical processing for a temperature raise of 300K is 730 J. So, for one 
degree Kelvin raise in temperature, it takes 2.43 J of exergy utilization. Therefore by 
comparison, with 1705 J of exergy, the temperature of the same mass of material can be raised 
by 701 K. And comparing the other way around, the same exergy of 2.43 J can be used to strain 
the same mass of material to 0.014 x 10-3. For better understanding of the concept, the following 
graphs are presented. 
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Fig 19.Graph represents exergy utilization vs temperature raise for Mg alloy 
The point E in the graph represents the temperature raise that can be achieved by the use of 1705 
J of exergy and the point F represents the temperature raise that is achieved by the use of 2.43 J 
of exergy. Point E in the graph is the representation of temperature raise that can be produced in 
a thermal process by using the same amount of exergy as that to produce a strain of 0.01 for the 
same mass of material. 
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Fig 20. Graph representing exergy utilization vs true strain 
 
The point G in the graph represents the amount of strain that is achieved by the use of 1705 J of 
exergy and the point H represents the amount of strain that can be produced by the use of 2.43 J 
of exergy. Point H in the graph is the representation of true strain that can be produced in a 
mechanical deformation process by using the same amount of exergy as that to raise the same 
mass of material by 1K.  
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6. CONCLUSION AND FUTURE SCOPE 
 
6.1 Conclusion 
 
The  first auxiliary conclusion that can be drawn is that, the use of “Ramberg-Osgood” equation 
is justified and can be used in similar cases of material straining for the these particular material 
types (Al and Mg alloys). However, the use of the actual “Tensile testing” (experimental data) 
gives the best results to use in the analysis.  
 
The main conclusion is drawn from the analysis from the previous chapter. Exergy utilization 
can be used as a common language (as a metric) to asses entirely different processes. If a 
material undergoes a series of different operations to attain its final shape, one can calculate the 
total exergy utilization involved in the whole process. And if there is a second series of 
operations to attain the same product, a comparison of these two methods can be made using 
exergy utilization as a metric to asses the better of the two methods. 
 
One can also infer that the work done in a mechanical processing of straining can be better 
efficient than the thermal processing of heating for the same exergy utilization.  The plots 
(Fig.17-20) actually support the above statement. 
 
To explicitly explain the above conclusion, let one consider an example. Let 20 J of exergy 
utilization be used to produce an effect in mechanical straining in Al alloy and the same 20 J be 
used to produce an effect in thermal heating process of the same alloy. 20 J can produce a strain 
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of 0.00149 (approx) in mechanical straining. In a thermal process 20 J of exergy utilization will 
be reduced to 14.5 J (See chapter 4 for calculations) due to the losses involved in a thermal 
process. The temperature of the same body (as used in mechanical straining) can be raised by a 
temperature of 4.4 K (approx).  So, if one has 20 J of exergy utilization to spend, one can achieve 
a strain of 0.00149 in mechanical processing or raise the same body to a temperature of 4.4 K in 
thermal processing. 
6.2 Scope of the Future Work 
 
The comparison of the two entirely different material processing is apparently like comparing 
apples and oranges if no common yardstick is used. In this analysis we attempted to define such 
yardstick. There are some assumptions considered in this thesis which might lead to certain 
variations in the results. For a better analysis and results the following parameters might be 
changed to achieve a closer comparison.  The material in the thermal processing may not follow 
lumped capacitance method. So, an exact heat transfer study maybe required.  The heating may 
not be a free convective heat transfer over a rectangular surface, in which case the coefficient of 
heat transfer changes and the same happens also with the calculated exergy utilization results. 
One might consider a different mechanical processing (like bending, drawing or extrusion) and 
compare these to yet another heating process.  A more rigorous analysis of this concept will still 
yield interesting results and will draw useful conclusions to manufacturing field. The purpose of 
such analysis may be driven by sustainability considerations (energy resources study). 
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APPENDIX A 
CALCULATION OF THE EXERGY UTILIZATION DURING STRAINING 
The Eq. (A.1) gives a relationship between the stress and the corresponding strain values, or vise-versa 
[21]. 
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Fig A1.The Area to Be Calculated 
The exergy of straining during mechanical processing can be calculated as work needed for the 
process, i.e. 
∫= εσ dw                                                              (A.2) 
Note that ∫ ∫= εσ dB , which is exergy of mechanical processing. 
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So, the area marked in Fig A.1 beneath the stress-strain curve needs to be determined. 
Calculating the area under curve can easily performed. The required portion of the area is 
obtained by subtracting the area above that curve from the area of the rectangle ( ). 
Therefore, the area above the curve [shown in Fig A1] should be calculated first.  
**εσ
 
Therefore, for ease of calculation, redraw the stress-strain curve as Fig A2. The plot in Fig A2 is 
a mirror image of the plot in Fig A1.  
 
Fig A2.The Area to be calculated 
Let A = (ε*,σ *) be the points of our interest where the stress-strain curve terminates. 
=1I  Integral value of the area under the curve (shown in Fig A2); shares the same units as work 
done [J/m3]                                    
               [J/m( )∫=
*
0
1
σ σσε dI 3]                                   (A.3) 
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On substitution of the value of  ( )σε  from Eq. (A.2) in Eq. (A.3) 
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After integration, we have the following equation 
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After substituting the limits in the equation 
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We know that the area of the rectangle = σ * ε* 
Therefore, the area under the stress-strain curve = Area of the rectangle -  1I
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where ITotal =   [J/m∫−==∫
*
0
**
σ σεεσεσ dWd 3]  
As we know, the area under the straight portion of the curve, I2 = yy εσ2
1  
where yσ represents the stress at the yield point and yε represents the corresponding strain. 
This quantity represents as elastic work per unit volume of the strained material, 
 I2 = yy εσ2
1  
The total exergy change of the material is given by the equation as follows 
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where =W represents work done during the mechanical deformation [J] phmB ,
Upon integration, we have the following equation 
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The volume V can be replaced by the plt in Eq. (A.9), where p represents the work piece width, t 
represents the work piece thickness and l represents the work piece length 
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Eq. (A.11) represents the total exergy change per unit area. So, the final equation is given in Eq. 
(A.12). 
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Eq. (A.12) represents the plastic exergy change per unit area 
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APPENDIX B 
TRUE STRESS & TRUE STRAIN VALUES FROM EXPERIMENTS 
 
To find the values of the true strain for the selected AA 3003 and Mg AZ31 alloys, the 
experimental procedure was specified as given in Chapter 3 (section 3.2.1.2). Tensile testing 
machine used was (Universal Tensile Testing Machine [UTM] see Fig 4.  
 
The experiments were conducted on AA 3003 and Mg AZ31 alloys. Five trails for each of these 
alloys were conducted and the results obtained are as follows. Detailed trail 1 results for Al alloy 
and Mg alloy are recorded and a compilation data set is stored on a CD that constitutes the 
integral part of this thesis for illustration purposes. In the appendix data that follow, only the 
limited sets of data for each test are given for the illustration purposes (test date, specimen 
description, and geometry) and a sample of measured data presented for Al-1 and for Mg AZ31-
1 is listed.  
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Trail 1 Experimental Results: Al alloy  
Test date: 12/8/2005      
Specimen  Al-1      
Geometry: Rectangular      
Width: 0.00635 m      
Thickness: 0.003175 m      
Length: 0.00508 m      
Area: 20.96 E-6 m²      
       
Time sec 
Extension 
(mm) Load (N) 
Tensile 
strain 
Tensile stress 
(MPa) 
True 
strain  
True stress 
(MPa) 
1.25 0.00142 31.136 2.80E-03 1.5225428 2.80E-05 1.5225853 
1.45 0.00508 129.4368 1.00E-02 6.3294279 1.00E-04 6.3300608 
1.65 0.00865 239.3024 1.70E-02 11.701829 0.0001703 11.703821 
1.85 0.01346 356.7296 2.65E-02 17.44399 0.0002649 17.448612 
2.05 0.01762 471.0432 3.47E-02 23.033897 0.0003468 23.041887 
2.25 0.02211 588.4704 4.35E-02 28.776059 0.0004351 28.788583 
2.45 0.0255 680.0992 5.02E-02 33.256685 0.0005018 33.273378 
2.65 0.02999 794.8576 5.90E-02 38.868342 0.0005902 38.891288 
2.85 0.03402 903.8336 6.70E-02 44.197242 0.0006695 44.22684 
3.05 0.03801 1012.3648 7.48E-02 49.504391 0.0007479 49.541432 
3.25 0.04244 1127.1232 8.35E-02 55.116049 0.0008351 55.162095 
3.45 0.0472 1240.1024 9.29E-02 60.640704 0.0009287 60.697047 
3.65 0.05169 1345.52 1.02E-01 65.795599 0.001017 65.862547 
3.85 0.05677 1456.72 1.12E-01 71.233252 0.0011169 71.312856 
4.05 0.06059 1554.576 1.19E-01 76.018386 0.001192 76.109055 
4.25 0.0661 1667.5552 1.30E-01 81.543042 0.0013003 81.649144 
4.45 0.07063 1760.5184 1.39E-01 86.088919 0.0013894 86.208613 
4.65 0.07428 1843.696 1.46E-01 90.156284 0.0014611 90.288111 
4.85 0.07806 1918.4224 1.54E-01 93.810386 0.0015354 93.954537 
5.05 0.08288 2002.0448 1.63E-01 97.899501 0.0016302 98.059224 
5.25 0.08782 2080.3296 1.73E-01 101.72761 0.0017272 101.90347 
5.45 0.09273 2156.3904 1.83E-01 105.44696 0.0018237 105.63945 
5.65 0.09733 2228.8928 1.92E-01 108.99231 0.0019141 109.20114 
5.85 0.10153 2281.824 2.00E-01 111.58064 0.0019966 111.80364 
       
       
117.85 3.9606 2487.7664 7.80E+00 121.65117 0.0750746 131.13565 
118.05 3.96976 2479.3152 7.81E+00 121.23791 0.0752419 130.71203 
118.25 3.97802 2469.0848 7.83E+00 120.73764 0.0753927 130.1923 
118.45 3.98695 2458.8544 7.85E+00 120.23738 0.0755557 129.674 
118.65 3.99618 2443.7312 7.87E+00 119.49786 0.0757241 128.89815 
118.85 4.01107 2276.9312 7.90E+00 111.34138 0.0759958 120.13268 
119.05 4.08783 728.5824 8.05E+00 35.627501 0.0773953 38.494414 
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Trail 2 Experimental Results: Al alloy  
Test date: 12/8/2005      
Specimen  Al-2      
Geometry: Rectangular      
Width: 0.00635 m (025 in)  
Thickness: 0.003175 m (0.125 in)  
Length: 0.00508 m (2 in)  
Area: 20.96 E-6 m² (0.0325 in²)  
 
Trail 3 Experimental Results: Al alloy  
Test date: 12/8/2005      
Specimen  Al-3      
Geometry: Rectangular      
Width: 0.00635 m (025 in)  
Thickness: 0.003175 m (0.125 in)  
Length: 0.00508 m (2 in)  
Area: 20.96 E-6 m² (0.0325 in²)  
 
Trail 4 Experimental Results: Al alloy  
Test date: 12/8/2005      
Specimen  Al-4      
Geometry: Rectangular      
Width: 0.00635 m (025 in)      
Thickness: 0.003175 m (0.125 in)      
Length: 0.00508 m (2 in)      
Area: 20.96 E-6 m² (0.0325 in²)     
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Trail 5 Experimental Results: Al alloy  
Test date: 12/8/2005      
Specimen  Al-5      
Geometry: Rectangular      
Width: 0.00635 m (025 in)      
Thickness: 0.003175 m (0.125 in)      
Length: 0.00508 m (2 in)      
Area: 20.96 E-6 m² (0.0325 in²)     
 
Trail 1 Experimental Results: Mg alloy  
Test date: 12/8/2005      
Specimen   Mg 
AZ31-1 
     
Geometry
: 
Rectangul
ar 
     
Width: 0.00635 
m  
     
Thickness
: 
0.003175 
m  
     
Length: 0.00508 
m 
     
Area: 20.96 E-6 
m²  
     
       
Time sec Extension 
(mm) 
Load (N) Tensile 
strain 
(%) 
Tensile 
stress 
(MPa) 
True strain 
(%) 
True stress (MPa) 
1.45 0.0158 475.0464 3.11E-02 23.229653 0.000311 23.236878 
1.85 0.02433 631.1712 4.79E-02 30.864117 0.0004788 30.878899 
2.25 0.03478 803.3088 6.85E-02 39.281604 0.0006844 39.308498 
2.65 0.04361 952.7616 8.58E-02 46.589809 0.0008581 46.629805 
3.05 0.05206 1111.1104 1.02E-01 54.333027 0.0010243 54.388708 
3.45 0.06247 1285.0272 1.23E-01 62.837516 0.001229 62.914789 
3.85 0.07141 1442.0416 1.41E-01 70.515482 0.0014047 70.614606 
4.25 0.08038 1593.2736 1.58E-01 77.910689 0.001581 78.033966 
4.65 0.09018 1757.4048 1.78E-01 85.936665 0.0017736 86.08922 
5.05 0.0986 1902.8544 1.94E-01 93.049115 0.0019391 93.229718 
5.45 0.10672 2043.4112 2.10E-01 99.922308 0.0020986 100.13222 
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5.85 0.11636 2201.3152 2.29E-01 107.64378 0.0022879 107.89034 
6.25 0.12559 2348.544 2.47E-01 114.84323 0.0024692 115.12715 
6.65 0.13491 2491.7696 2.66E-01 121.84692 0.0026522 122.17051 
7.05 0.14466 2631.4368 2.85E-01 128.67662 0.0028436 129.04304 
7.45 0.15414 2762.6528 3.03E-01 135.09305 0.0030297 135.50295 
7.85 0.16369 2892.9792 3.22E-01 141.46598 0.0032171 141.92181 
8.25 0.17263 3002.8448 3.40E-01 146.83838 0.0033925 147.33737 
8.65 0.18225 3119.3824 3.59E-01 152.53704 0.0035812 153.08428 
9.05 0.19153 3227.9136 3.77E-01 157.84419 0.0037632 158.4393 
9.45 0.20093 3333.776 3.96E-01 163.02083 0.0039475 163.66563 
9.85 0.21079 3432.9664 4.15E-01 167.87122 0.0041408 168.56778 
10.25 0.2201 3528.1536 4.33E-01 172.52585 0.0043233 173.27335 
10.65 0.23015 3623.7856 4.53E-01 177.20223 0.0045203 178.00505 
       
       
242.25 7.38856 6094.2048 1.45E+01 298.00512 0.1357924 341.34821 
242.65 7.40147 6093.3152 1.46E+01 297.96162 0.1360143 341.3741 
243.05 7.41359 6090.6464 1.46E+01 297.83112 0.1362225 341.29564 
243.45 7.42572 6084.4192 1.46E+01 297.52661 0.1364308 341.01774 
243.85 7.43747 6078.192 1.46E+01 297.2221 0.1366326 340.73747 
244.25 7.45048 6086.1984 1.47E+01 297.61361 0.136856 341.26252 
244.65 7.46439 6097.3184 1.47E+01 298.15738 0.1370947 341.96767 
245.05 7.47873 6102.2112 1.47E+01 298.39664 0.1373408 342.32632 
245.45 7.49269 6099.9872 1.47E+01 298.28788 0.1375803 342.28353 
245.85 7.50689 6101.7664 1.48E+01 298.37489 0.1378239 342.46676 
246.25 7.51946 6087.088 1.48E+01 297.65711 0.1380395 341.71658 
246.65 7.53137 6080.8608 1.48E+01 297.35261 0.1382437 341.43671 
247.05 7.5447 6085.3088 1.49E+01 297.57011 0.1384722 341.76455 
247.45 7.55758 6082.1952 1.49E+01 297.41786 0.1386929 341.66509 
247.85 7.57112 6083.9744 1.49E+01 297.50486 0.1389249 341.84433 
248.25 7.58375 6080.8608 1.49E+01 297.35261 0.1391412 341.74331 
248.65 7.59655 6082.64 1.50E+01 297.43961 0.1393605 341.91825 
249.05 7.60942 6080.8608 1.50E+01 297.35261 0.1395808 341.89357 
 
Trail 2 Experimental Results: Mg alloy  
Test date: 12/8/2005      
Specimen  Mg-2      
Geometry: Rectangular      
Width: 0.00635 m (025 in)      
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Thickness: 0.003175 m (0.125 in)      
Length: 0.00508 m (2 in)      
Area: 20.96 E-6 m² (0.0325 in²)     
 
Trail 3 Experimental Results: Mg alloy  
Test date: 12/8/2005      
Specimen  Mg-3      
Geometry: Rectangular      
Width: 0.00635 m (025 in)      
Thickness: 0.003175 m (0.125 in)      
Length: 0.00508 m (2 in)      
Area: 20.96 E-6 m² (0.0325 in²)     
 
Trail 4 Experimental Results: Mg alloy  
Test date: 12/8/2005      
Specimen  Mg-4      
Geometry: Rectangular      
Width: 0.00635 m (025 in)      
Thickness: 0.003175 m (0.125 in)      
Length: 0.00508 m (2 in)      
Area: 20.96 E-6 m² (0.0325 in²)     
 
 
Trail 5 Experimental Results: Mg alloy  
Test date: 12/8/2005      
Specimen  Mg-5      
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Geometry: Rectangular      
Width: 0.00635 m (025 in)      
Thickness: 0.003175 m (0.125 in)      
Length: 0.00508 m (2 in)      
Area: 20.96 E-6 m² (0.0325 in²)     
 
If one needs a complete set of data, please email to sekulicd@engr.uky.edu. 
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APPENDIX C 
VERIFICATION OF THE VALIDITY OF THE RAMBERG-OSGOOD EQUATION 
 
Before the Ramberg-Osgood equation is used, one needs to verify if application of this equation 
to this particular Al and Mg alloys is appropriate. So, a comparison of the values from the 
experiment to the Ramberg-Osgood equation must be performed. The percentage error between 
experiment and theory would subsequently be found. It was proposed that, if the average error 
between these is less than 10 %, then the use of Ramberg-Osgood equation is justified. 
Alternatively, one has to stick to the results obtained from experiment only. 
 
This appendix provides a comparison of the true stress-strain values obtained from the 
experiment - tensile testing and the values obtained from the Ramberg-Osgood Equation.  The 
series of values of each trail run are tabulated and the difference between the values and the 
percentage difference is calculated. A computer FORTRAN program is used to calculate these 
values.  The FORTRAN program used and the values obtained are presented in Appendix E. 
Verification of this program is done in order to check if the program coded gives the true values 
and the error between the hand calculated and FORTRAN program is less than 1%, the 
difference being only due to the random error.  
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For Al Alloy   
ALUMINUM ALLOY TRAIL 1 
TRUE 
STRAIN  
TRUE 
STRESS[Experimental]
TRUE 
STRESS[Theory] DIFFERENCE
% 
DIFFERENCE 
2.21E-05 1.52 1.52 0.00 0.05 
1.11E-03 76.02 76.11 0.09 0.12 
1.57E-03 97.90 101.90 4.00 3.93 
2.02E-03 114.65 117.54 2.89 2.46 
4.02E-03 142.97 145.96 2.99 2.05 
6.01E-03 149.93 158.14 8.21 5.19 
8.10E-03 153.17 166.43 13.26 7.97 
1.02E-02 155.15 172.43 17.28 10.02 
   AVG % DIFF 3.97 
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Fig. C1. Aluminum trial 1 true stress vs true strain 
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ALUMINUM ALLOY TRAIL 2 
TRUE 
STRAIN  
TRUE 
STRESS[Experimental] 
TRUE 
STRESS[Theory] DIFFERENCE
% 
DIFFERENCE 
7.16E-05 4.87 4.94 0.07 1.37 
1.06E-03 67.23 72.66 5.43 7.48 
1.60E-03 95.09 102.21 7.12 6.96 
2.00E-03 111.45 117.17 5.72 4.88 
4.01E-03 141.92 150.43 8.50 5.65 
6.16E-03 149.60 166.20 16.60 9.99 
8.27E-03 152.95 176.20 23.25 13.20 
1.05E-02 155.04 184.20 29.16 15.83 
   AVG % DIFF 8.17 
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Fig. C2. Aluminum trial 2 true stress vs true strain 
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ALUMINUM ALLOY TRAIL 4 
TRUE 
STRAIN  
TRUE 
STRESS[Experimental] 
TRUE 
STRESS[Theory] DIFFERENCE
% 
DIFFERENCE 
7.19E-05 4.92 4.96 0.04 0.80 
1.03E-03 65.93 70.64 4.71 6.67 
1.56E-03 89.61 101.47 11.86 11.69 
2.04E-03 111.73 119.63 7.90 6.60 
4.05E-03 141.86 151.56 9.70 6.40 
6.14E-03 150.04 166.01 15.97 9.62 
8.41E-03 153.97 176.01 22.04 12.52 
1.02E-02 155.02 182.01 26.99 14.83 
   AVG % DIFF 8.64 
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Fig. C4. Aluminum trial 4 true stress vs true strain 
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ALUMINUM ALLOY TRIAL 5 
TRUE 
STRAIN  
TRUE 
STRESS[Experimental]
TRUE 
STRESS[Theory] DIFFERENCE
% 
DIFFERENCE 
2.06E-04 14.21 14.21 0.00 0.00 
6.15E-04 38.13 41.38 3.25 7.84 
1.07E-03 66.67 71.47 4.80 6.71 
2.03E-03 111.11 121.88 10.77 8.84 
3.04E-03 132.43 137.18 4.75 3.46 
4.00E-03 141.84 143.96 2.13 1.48 
5.03E-3 146.86 148.97 2.12 1.42 
8.00E-03 153.85 157.41 3.56 2.26 
   AVG % DIFF 4.00 
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Fig. C5. Aluminum trial 5 true stress vs true strain 
 
OBSERVATIONS FROM THE TABLES & GRAPHS: 
1) The percentage of error increase as we move towards the plastic region 
2) The area under the experimental curve is less than the area under the theoretical curve. 
3) There is less plastic exergy involved in experimental curve than in the theoretically 
obtained one. 
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The percentage error between the theory and experiment is less than 10 %, in average.. The 
Ramberg-Osgood equation is justified. Note, however, that the discrepancy significantly 
increases for larger strain values. 
 
For Mg Alloy 
The theoretical value is calculated using the Ramberg-Osgood equation and the following table 
presents the comparison between the theoretical. The experimental values and the percentage 
error between the two is also included. 
Mg ALLOY TRAIL 1 
TRUE 
STRAIN  
 
TRUE 
STRESS[Experimental] 
TRUE 
STRESS[Theory] DIFFERENCE 
% 
DIFFERENCE 
1.02E-03 54.39 46.63 -7.76 -16.64 
2.10E-03 100.13 86.09 -14.04 -16.31 
3.22E-03 141.92 135.50 -6.42 -4.74 
5.11E-03 191.67 191.67 0.00 0.00 
6.12E-03 208.97 208.97 0.00 0.00 
7.11E-03 223.83 223.83 0.00 0.00 
8.10E-03 237.43 237.43 0.00 0.00 
9.13E-03 249.27 249.27 0.00 0.00 
   AVG % DIFF -4.71 
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Fig. C6. Magnesium trial 1true stress vs true strain 
 
 
 
 
 
 
 
 
77 
Mg ALLOY TRAIL 2 
TRUE 
STRAIN  
TRUE 
STRESS[Experimental] 
TRUE 
STRESS[Theory] DIFFERENCE 
% 
DIFFERENCE 
1.05E-03 48.97 41.36 -7.61 -18.39 
2.13E-03 95.06 87.17 -7.89 -9.05 
3.05E-03 131.10 124.09 -7.01 -5.65 
4.15E-03 164.99 160.14 -4.85 -3.03 
5.10E-03 188.40 184.31 -4.10 -2.22 
6.09E-03 207.02 207.02 0.00 0.00 
7.19E-03 222.84 226.07 3.22 1.43 
9.00E-03 247.15 252.83 5.68 2.25 
   AVG % DIFF -4.33 
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Fig. C7. Magnesium trial 2 true stress vs true strain 
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Mg ALLOY TRAIL 3 
TRUE 
STRAIN  
TRUE 
STRESS[Experimental] 
TRUE 
STRESS[Theory] DIFFERENCE 
% 
DIFFERENCE 
1.06E-03 44.90 44.90 0.00 0.00 
2.12E-03 90.70 90.70 0.00 0.00 
3.02E-03 126.69 120.58 -6.11 -5.06 
4.12E-03 161.73 161.73 0.00 0.00 
5.07E-03 185.78 185.78 0.00 0.00 
6.00E-03 204.44 204.44 0.00 0.00 
7.00E-03 220.44 223.66 3.22 1.44 
9.07E-03 247.63 249.34 1.72 0.69 
   AVG % DIFF -0.37 
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Fig. C8. Magnesium trial 3 true stress vs true strain 
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Mg ALLOY TRAIL 4 
TRUE 
STRAIN  
TRUE 
STRESS[Experimental] 
TRUE 
STRESS[Theory] DIFFERENCE 
% 
DIFFERENCE 
1.19E-03 54.16 54.16 0.00 0.00 
2.09E-03 92.50 84.86 -7.64 -9.01 
3.18E-03 134.78 128.17 -6.61 -5.16 
4.09E-03 162.84 157.46 -5.38 -3.42 
5.21E-03 190.50 190.50 0.00 0.00 
0.006028 205.60 205.60 0.00 0.00 
0.00711 221.47 221.47 0.00 0.00 
9.13E-03 248.06 248.06 0.00 0.00 
   AVG % DIFF -2.20 
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Fig. C9. Magnesium trial 4 true stress vs true strain 
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Mg ALLOY TRAIL 5 
TRUE 
STRAIN  
TRUE 
STRESS[Experimental] 
TRUE 
STRESS[Theory] DIFFERENCE 
% 
DIFFERENCE 
1.04E-03 43.44 43.44 0.00 0.00 
2.12E-03 89.93 89.93 0.00 0.00 
3.00E-03 125.22 125.22 0.00 0.00 
4.16E-03 162.02 162.02 0.00 0.00 
5.11E-03 185.85 185.85 0.00 0.00 
0.006049 204.86 207.92 3.05 1.47 
0.008165 234.90 237.67 2.77 1.17 
9.18E-03 246.58 249.04 2.47 0.99 
   AVG % DIFF 0.45 
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Fig. C10. Magnesium trial 5 true stress vs true strain 
The percentage difference in each trial is significantly less than 10 %, on average. Therefore the 
application of Ramberg-Osgood equation to calculate the exergy change is validated. Note that 
this equation much better represents the σ vs ε  relationship for magnesium than it was the case 
for aluminum.  
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APPENDIX D 
       ELASTIC AND PLASTIC EXERGY CALCULATIONS 
 
The equations for total and plastic exergy changes have been derived. In these calculations, 
consider the graphs obtained from the experiments. And calculate the value of “n” which is a 
characteristic constant which determines the shape of the curve and the values of ,*σ yσ ,  and *ε
yε  are taken from the graphs (which are drawn using the values obtained from the experiment). 
The value of Young’s Modulus of Elasticity for Al alloy is taken as 68.95 GPa (given from the 
material supplier; McMaster) and for Mg alloy is taken as 45 MPa. In these particular 
calculations, the effect of the exergies between two different materials is analyzed. The 
calculations done are based on the true stress vs. true strain curves. First calculate the exergies of 
the four (3rd trial eliminated) sets for Al alloy followed by the Mg alloy. And the calculation of 
elastic and plastic exergies is performed at a true strain value of 0.01. 
 
 
TRIAL 1: Aluminum alloy 
To calculate the value of “n”, from Eq. (4) 
⎟⎠
⎞⎜⎝
⎛+=
85.0
7.0ln
7
17ln
1
σσ
n  
Draw the true stress versus true strain graph for trail 1 for Al alloy using the experimental results. 
The stress-strain is limited to strain at 0.01 and graph obtained is as shown in he below figure. 
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Calculation of value of 7.0σ  
It is known that the slope of stress strain curve gives the value of E. 7.0σ is called the secant 
modulus at stress of 0.7E. 
E=ε
σ = Slope of Stress-Strain Curve [Hooke’s Law] 
Now for the same value of strain and for 0.7E; find the value of new stress. 
i.e. 
EXEX 7.0*7.0 εε =⇒=  
Let one consider determining the secant modulus at 0.7 for trial 1 Al alloy for better illustration.  
Referring to the values of true stress and true strain given by the experiment, any random value is 
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selected (within the linear region of the slope for Hooke’s law to be valid). Let one pick a stress 
value of 61 MPa and the corresponding strain is 0.00092. 
 
The next step is calculating the value of X, substituting the value in the above equation, one gets 
the value of X to be 44.2 MPa. A line is drawn from origin passing through this value of X and 
the line is extended till it intersects the stress-strain curve. The point A in the curve is the point of 
intersection of the stress-strain curve and the line (passing thorough origin and point X). The 
corresponding value of stress at this point A is the secant modulus at 0.7 strain, which is found to 
be =7.0σ 132 MPa .The point B in the above figure represents the secant modulus at 0.85 strain, 
i.e. =85.0σ 117 MPa  
 
Calculation of value of n 
The equation for the value of n and given as below. 
⎟⎠
⎞⎜⎝
⎛+=
85.0
7.0ln
7
17ln
1
σσ
n  
The value of 85.0σ  is calculated similar to that of 7.0σ . The two dotted lines seen in the above 
diagram represent this secant modulus. 
The calculated values of 7.0σ , 85.0σ  and n are as follows. 
85.0σ =117 MPa 
7.0σ =132 MPa 
n =8.35 
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As the values of 7.0σ , 85.0σ  and n are known now, proceed further in the calculations. And length l 
=2 in= 0.0508 mm and E = 68.95 GPa   
1 psi = 6894.76 Pa 
            yσ = 17000 psi = 117,210,869.00 Pa = 117.21 Mpa [from McMaster, supplier]
 yε  = 0.0022  
[True strain corresponding to the true stress, from appendix B] 
 E = 68.95 GPa = 68947.59 MPa = 68947.59 N/mm  2
 = 155.14 MPa *σ
 = 0.01 *ε
Exergy of the material per unit area = 
Area
phm
A
B ,
 i.e. Equation (4) 
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On substitution of these values in the above equation,  
Area
phm
A
B ,
=   [1.5514-0.17454-0.05246] l 
Area
phm
A
B ,
= 4.2049 MJ/m2 = 4204.9 KJ/m2 =Exergy of the material per unit area  
Therefore, plastic exergy of the material per unit area can be calculated from Eq. (6) 
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Area
Plasticphm
A
B ,
= ⎟⎟⎠
⎞
⎜⎜⎝
⎛−
E
l
A
B
Area
phm
2
2
, σ
  
Area
Plasticphm
A
B ,
= 4.2049- 0.31623 
Area
Plasticphm
A
B ,
=3.8886 MJ/m2 = 3888.67 KJ/m2 = Plastic Exergy of the material per unit area  
 
TRIAL 2: Aluminum alloy 
To calculate the value of “n”, from Eq. (4) 
⎟⎠
⎞⎜⎝
⎛+=
85.0
7.0ln
7
17ln
1
σσ
n  
The values of 7.0σ , 85.0σ  and n are already calculated, proceeding further in the calculations.  
85.0σ =117 MPa 
7.0σ =135 MPa 
 n = 7.20 
These values are calculated in the same procedure as shown in the previous case. 
And length l = 2in= 0.0508 mm and E = 68.95 GPa   
1 psi = 6894.76 Pa 
            yσ = 17000 psi = 117,210,869.00 Pa = 117.21 Mpa [from McMaster, supplier]
 yε  = 0.0022 
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[True strain corresponding to the true stress, from appendix B] 
 E = 68.9475 GPa = 68947.59 MPa = 68947.59 N/mm  2
 = 154.75 MPa *σ
 = 0.01 *ε
 
Exergy of the material per unit area = 
Area
phm
A
B ,
 i.e. Eq. (5) 
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On substitution of these values in the above equation,   
Area
phm
A
B ,
=   [1.54755-0.173676-0.04233]l 
Area
phm
A
B ,
= 4.22765 MJ/m2 = 42276.5 KJ/m2 =Exergy of the material per unit area  
Therefore, plastic exergy of the material per unit area can be calculated from Eq. (6) 
Area
Plasticphm
A
B ,
= ⎟⎟⎠
⎞
⎜⎜⎝
⎛−
E
l
A
B
Area
phm
2
2
, σ
  
Area
Plasticphm
A
B ,
= 4.22765- 0.31631 
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Area
Plasticphm
A
B ,
=3.91134 MJ/m2 = 3911.34 KJ/m2 = Plastic Exergy of the material per unit area  
 
 
 
TRIAL 4: Aluminum alloys 
To calculate the value of “n”, from Eq. (4) 
⎟⎠
⎞⎜⎝
⎛+=
85.0
7.0ln
7
17ln
1
σσ
n  
The values of 7.0σ , 85.0σ  and n are already calculated and proceeding further in the calculations. 
85.0σ =120 MPa 
7.0σ = 137 MPa 
 n = 7.78 
And length l = 2in= 0.0508 mm and E = 68.95 GPa   
1 psi = 6894.76 Pa 
            yσ = 17000 psi = 117,210,869.00 Pa = 117.21 Mpa [from McMaster, supplier]
 yε  = 0.00223 
 
[True strain corresponding to the true stress, from appendix B] 
 E = 68.9475 GPa = 68947.59 MPa = 68947.59 N/mm  2
 = 155.32 MPa *σ
 = 0.01 *ε
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  Exergy of the material per unit area = 
Area
phm
A
B ,
 i.e. Equation (4) 
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On substitution of these values in the above equation,  
Area
phm
A
B ,
=   [1.553211-0.174949-0.04006]l 
Area
phm
A
B ,
= 4.24896 MJ/m2 = 4248.96 KJ/m2 =Exergy of the material per unit area  
Therefore, plastic exergy of the material per unit area can be calculated from Eq. (6) 
Area
Plasticphm
A
B ,
= ⎟⎟⎠
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⎜⎜⎝
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E
l
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Area
phm
2
2
, σ
  
Area
Plasticphm
A
B ,
= 4.24896-0.31631 
Area
Plasticphm
A
B ,
=3.9326MJ/m2 = 3932.64 KJ/m2 = Plastic Exergy of the material per unit area  
 
TRIAL 5: Aluminum alloy 
To calculate the value of “n”, from Eq. (4) 
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7
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The values of 7.0σ , 85.0σ  and n are already calculated and proceeding further in the calculations. 
85.0σ =125 MPa 
7.0σ = 135 MPa 
 n = 12.53 
And length l = 2in= 0.0508 mm and E = 68.9475 GPa   
1 psi = 6894.76 Pa 
            yσ = 17000 psi = 117,210,869.00 Pa = 117.21 Mpa [from McMaster, supplier]
yε  = 0.0022  
 
 
[True strain corresponding to the true stress, from appendix B] 
 E = 68.9475 GPa = 68947.59 MPa = 68947.59 N/mm  2
 = 154.4728 MPa *σ
 = 0.01 *ε
Exergy of the material per unit area = 
Area
phm
A
B ,
 i.e. Equation (4) 
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On substitution of these values in the above equation,    
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Area
phm
A
B ,
=   [1.544728-0.17304-0.0518]l 
Area
phm
A
B ,
= 4.1906 MJ/m2 = 4190.644 KJ/m2 =Exergy of the material per unit area  
Therefore, plastic exergy of the material per unit area can be calculated from Equation (5) 
Area
Plasticphm
A
B ,
= ⎟⎟⎠
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phm
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2
, σ
  
Area
Plasticphm
A
B ,
= 4.1906-0.3163 
Area
Plasticphm
A
B ,
=3.87428MJ/m2 = 3874.28 KJ/m2 = Plastic Exergy of the material per unit area  
 
TRAIL 1: Magnesium alloy 
To calculate the value of “n”, from Eq. (4) 
⎟⎠
⎞⎜⎝
⎛+=
85.0
7.0ln
7
17ln
1
σσ
n  
The values of 7.0σ , 85.0σ  and n are already calculated and proceeding further in the calculations. 
85.0σ =200 MPa 
7.0σ =240MPa 
 n =5.87 
And thickness length l = 2in= 0.0508 mm and E = 45 GPa   
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            yσ = 260 Mpa  
 E = 45 GPa = 45,000 MPa = 45,000 N/mm  2
 = 257.54 MPa *σ
 = 0.01 *ε
Exergy of the material per unit area = 
Area
phm
A
B ,
 i.e. Eq. (5) 
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On substitution of these values in the above equation,    
Area
phm
A
B ,
=   [2.575-0.7369-0.129] l 
Area
phm
A
B ,
= 5.3389 MJ/m2 = 5338.90KJ/m2 =Exergy of the material per unit area  
Therefore, plastic exergy of the material per unit area can be calculated from Eq. (6) 
Area
Plasticphm
A
B ,
= ⎟⎟⎠
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2
, σ
  
Area
Plasticphm
A
B ,
= 5.3389-2.347 
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Area
Plasticphm
A
B ,
=2.99 MJ/m2 = 2991.67 KJ/m2 = Plastic Exergy of the material per unit area  
 
TRIAL 2: Magnesium alloy 
To calculate the value of “n”, from Eq. (4) 
⎟⎠
⎞⎜⎝
⎛+=
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7.0ln
7
17ln
1
σσ
n  
The values of 7.0σ , 85.0σ  and n are already calculated and proceeding further in the calculations. 
85.0σ =205 MPa 
7.0σ =245MPa 
 n = 5.37 
And length l = 2in= 0.0508 mm and E = 45 GPa   
            yσ = 260 Mpa  
 E = 45 GPa = 45,000 MPa = 45,000 N/mm  2
 = 256.48 MPa *σ
 = 0.01 *ε
 Exergy of the material per unit area = 
Area
phm
A
B ,
 i.e. Eq. (5) 
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On substitution of these values in the above equation,    
Area
phm
A
B ,
=   [2.5648-0.7309-0.120] l 
Area
phm
A
B ,
= 5.36 MJ/m2 = 5355.9KJ/m2 =Exergy of the material per unit area  
Therefore, plastic exergy of the material per unit area can be calculated from Eq. (6) 
Area
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B ,
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, σ
  
Area
Plasticphm
A
B ,
= 5.3389-2.3847 
Area
Plasticphm
A
B ,
=2.97 MJ/m2 = 2971.12 KJ/m2 = Plastic Exergy of the material per unit area  
 
 
TRIAL 3: Magnesium alloy 
To calculate the value of “n”, from Eq. (4) 
⎟⎠
⎞⎜⎝
⎛+=
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7.0ln
7
17ln
1
σσ
n  
The values of 7.0σ , 85.0σ  and n are already calculated and proceeding further in the calculations. 
85.0σ =200MPa 
7.0σ = 240 MPa 
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 n = 5.87 
And length l = 2in= 0.0508 mm and E = 45 GPa   
            yσ = 260 Mpa  
 E = 45 GPa = 45,000 MPa = 45,000 N/mm  2
 = 257 MPa *σ
 = 0.01 *ε
Exergy of the material per unit area = 
Area
phm
A
B ,
 i.e. Eq. (5) 
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On substitution of these values in the above equation,    
Area
phm
A
B ,
=   [2.57-0.734-0.127] l 
Area
phm
A
B ,
= 5.33MJ/m2 = 5338.75KJ/m2 =Exergy of the material per unit area  
Therefore, plastic exergy of the material per unit area can be calculated from Eq. (6) 
Area
Plasticphm
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B ,
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Area
Plasticphm
A
B ,
= 5.33-2.34 
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Area
Plasticphm
A
B ,
=2.99 MJ/m2 = 2991.52KJ/m2 = Plastic Exergy of the material per unit area  
TRIAL 4: Magnesium alloy 
To calculate the value of “n”, from Eq. (4) 
⎟⎠
⎞⎜⎝
⎛+=
85.0
7.0ln
7
17ln
1
σσ
n  
The values of 7.0σ , 85.0σ  and n are already calculated and proceeding further in the calculations. 
85.0σ =200MPa 
7.0σ = 238 MPa 
 n = 6.10 
And length l = 2in= 0.0508 mm and E = 45 GPa   
            yσ = 260 Mpa  
 E = 45 GPa = 45,000 MPa = 45,000 N/mm  2
 = 256.84 MPa *σ
 = 0.01 *ε
Exergy of the material per unit area = 
Area
phm
A
B ,
 i.e. Eq. (5) 
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On substitution of these values in the above equation,  
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Area
phm
A
B ,
=   [2.57-0.73-0.13] l 
Area
phm
A
B ,
= 5.32MJ/m2 = 5328.10KJ/m2 =Exergy of the material per unit area  
Therefore, plastic exergy of the material per unit area can be calculated from Eq. (6) 
Area
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B ,
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Area
Plasticphm
A
B ,
= 5.32-2.35 
Area
Plasticphm
A
B ,
=2.98 MJ/m2 = 2980.8KJ/m2 = Plastic Exergy of the material per unit area  
 
TRIAL 5: Magnesium alloy 
To calculate the value of “n”, from Eq. (4) 
⎟⎠
⎞⎜⎝
⎛+=
85.0
7.0ln
7
17ln
1
σσ
n  
The values of 7.0σ , 85.0σ  and n are already calculated and proceeding further in the calculations. 
85.0σ =200 MPa 
7.0σ = 240 MPa 
 n = 5.87 
And length l = 2in= 0.0508 mm and E = 45 GPa   
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            yσ = 260 Mpa  
 E = 45 GPa = 45,000 MPa = 45,000 N/mm  2
 = 254.35 MPa *σ
 = 0.01 *ε
Exergy of the material per unit area = 
Area
phm
A
B ,
 i.e. Eq. (5) 
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On substitution of these values in the above equation,  
Area
phm
A
B ,
=   [2.54-0.72-0.12] l 
Area
phm
A
B ,
= 5.33MJ/m2 = 5330.30KJ/m2 =Exergy of the material per unit area  
Therefore, plastic exergy of the material per unit area can be calculated from Eq. (6) 
Area
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A
B ,
= ⎟⎟⎠
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Area
Plasticphm
A
B ,
= 5.32-2.35 
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Area
Plasticphm
A
B ,
=2.98MJ/m2 = 2983.1KJ/m2 = Plastic Exergy of the material per unit area  
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 APPENDIX E 
FORTRAN PROGRAM AND RESULTS 
 
Nomenclature used in the FORTRAN program  
1) e = E = Young’s Modulus of Elasticity   
2) sig07 = 7.0σ = Secant Modulus at  0.7E 
3) cnst = 3/7 
4) rn = n = Characteristic Constant (describing the shape of the curve) 
5) epsi = ε  = True Strain 
6) i = Iteration Number (which equals to the number to stress values as input) 
 
TRIAL 1 [Al alloy] 
! Program stress strain 
 IMPLICIT NONE 
! implicit real*8 (a-h,o-z) !i,j,k,l,m,n 
!-- Declaring Arrays 
real(8), Dimension(1:1000):: sig, epsi 
INTEGER:: i 
REAL(KIND=8)::e,cnst,sig07,rn 
!-- Opening input data files 
Open(18,file='sundy-Al_1.dat') 
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!-- Opening file for output 
Open(19,file='Al_1-graph.dat') 
!-- Reading input file into an array. i counter must be varied depending  
! on number of input data points. 
Do i =1,145 
 read(18,*) sig(i) 
End Do 
close(18) 
!-- Echo above read 
!Do i =1,999 
!Write(*,*) sig(i), i 
!End Do 
!-- Defining constants in the equation 
  e = 68947.59d0 
  cnst = 3.0d0/7.0d0 
  sig07 = 132d0 
  rn = 8.35569d0 
  !-- Formula 
      Do i =1, 145 
        epsi(i) = (sig(i)/e)+ (cnst*((e/sig07)**(rn-1))*((sig(i)/e)**rn)) 
     End Do 
  !-- Writing to a file for output plots     
  Do i =1,997 
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Write(19,*) epsi(i), sig(i) 
End Do     
End program 
 
As an example, some of the input and output values for this particular program are as listed in 
the following table. 
INPUT STRESS VALUES OUTPUT STRAIN VALUES 
1.522585347 2.21E-05 
6.300360816 9.18E-05 
11.70382139 0.00016975 
17.44861219 0.000253071 
130.3888405 0.002631609 
131.9958439 0.002734721 
133.076817 0.00280825 
134.7925538 0.002932345 
155.2528961 0.005434984 
160.2449403 0.006470965 
274.4282767 0.375494337 
276.4282767 0.398762637 
 
TRIAL 2 [Al alloy] 
! Program stressstrain 
! implicit real*8 (a-h,o-z) !i,j,k,l,m,n 
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!-- Declaring Arrays 
real, Dimension(1:1000):: sig, epsi 
INTEGER:: i 
REAL(KIND=8)::e,cnst,sig07,rn 
!-- Opening input data files 
Open(18,file='sundy-Al_2.dat') 
!-- Opening file for output 
Open(19,file='Al_2-graph.dat') 
!-- Reading input file into an array. i counter must be varied depending  
! on number of input data points. 
Do i =1,145 
 read(18,*) sig(i) 
End Do 
close(18) 
!-- Echo above read 
!Do i =1,999 
!Write(*,*) sig(i), i 
!End Do 
!-- Defining constants in the equation 
   e = 68947.59d0 
  cnst = 3.0d0/7.0d0 
  sig07 = 135d0  
  rn = 7.20084481d0  
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  !-- Formula 
      Do i =1, 145 
      epsi(i) = (sig(i)/e)+ (cnst*((e/sig07)**(rn-1))*((sig(i)/e)**rn)) 
      End Do 
   !-- Writing to a file for output plots     
   Do i =1,573 
Write(19,*) epsi(i), sig(i) 
End Do     
End program 
 
TRIAL 4 [Al alloy] 
! Program stressstrain 
! implicit real*8 (a-h,o-z) !i,j,k,l,m,n 
!-- Declaring Arrays 
real(8), Dimension(1:1000):: sig, epsi 
INTEGER:: i 
REAL(KIND=8)::e,cnst,sig07,rn 
!-- Opening input data files 
Open(18,file='sundy-Al_4.dat') 
!-- Opening file for output 
Open(19,file='Al_4-graph.dat') 
!-- Reading input file into an array. i counter must be varied depending  
! on number of input data points. 
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Do i =1,145 
read(18,*) sig(i) 
End Do 
close(18) 
!-- Echo above read 
!Do i =1,999 
!Write(*,*) sig(i), i 
!End Do 
!-- Defining constants in the equation 
    e = 68947.59d0 
    cnst = 3.0d0/7.0d0 
    sig07 = 137d0  
    rn = 7.69717d0 
!-- Formula 
   Do i =1, 145 
   epsi(i) = (sig(i)/e)+ (cnst*((e/sig07)**(rn-1))*((sig(i)/e)**rn)) 
   End Do 
!-- Writing to a file for output plots     
Do i =1,576 
Write(19,*) epsi(i), sig(i) 
End Do     
End program 
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TRIAL 5 [Al alloy] 
!Program stress strain 
! implicit real*8 (a-h,o-z) !i,j,k,l,m,n 
!-- Declaring Arrays 
real(8), Dimension(1:1000):: sig, epsi 
INTEGER:: i 
REAL(KIND=8)::e,cnst,sig07,rn 
!-- Opening input data files 
Open(18,file='sundy-Al_5.dat') 
!-- Opening file for output 
Open(19,file='Al_5-graph.dat') 
!-- Reading input file into an array. i counter must be varied depending  
! on number of input data points. 
Do i =1,145 
 read(18,*) sig(i) 
End Do 
close(18) 
!-- Echo above read 
!Do i =1,999 
!Write(*,*) sig(i), i 
!End Do 
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!-- Defining constants in the equation 
     e = 68947.59d0 
     cnst = 3.0d0/7.0d0 
     sig07 = 135.0d0   
     rn = 12.52925d0  
!-- Formula 
  Do i =1, 145 
 epsi(i) = (sig(i)/e)+ (cnst*((e/sig07)**(rn-1))*((sig(i)/e)**rn)) 
 End Do 
!-- Writing to a file for output plots     
Do i =1,997 
Write(19,*) epsi(i), sig(i) 
End Do     
End program 
 
TRIAL 1 [Mg alloy] 
! Program stressstrain 
! IMPLICIT NONE 
! implicit real*8 (a-h,o-z) !i,j,k,l,m,n 
!-- Declaring Arrays 
real(8), Dimension(1:1000):: sig, epsi 
INTEGER:: i 
REAL(KIND=8)::e,cnst,sig07,rn 
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!-- Opening input data files 
Open(18,file='Mg1_cp.dat') 
!-- Opening file for output 
Open(19,file='Mg_1-graph.dat') 
!-- Reading input file into an array. i counter must be varied depending  
! on number of input data points. 
Do i =1,620 
 read(18,*) sig(i) 
End Do 
close(18) 
!-- Echo above read 
!Do i =1,999 
!Write(*,*) sig(i), i 
!End Do 
!-- Defining constants in the equation 
  e =  41204.42d0 
  cnst = 3.0d0/7.0d0 
  sig07 =  240.d0 
  rn =  5.8667d0 
  !-- Formula 
      Do i =1, 620 
        epsi(i) = (sig(i)/e)+ (cnst*((e/sig07)**(rn-1))*((sig(i)/e)**rn)) 
     End Do 
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  !-- Writing to a file for output plots     
  Do i =1,620 
Write(19,*) epsi(i), sig(i) 
End Do     
End program 
 
TRIAL 2 [Mg alloy] 
! Program stressstrain 
! IMPLICIT NONE 
! implicit real*8 (a-h,o-z) !i,j,k,l,m,n 
!-- Declaring Arrays 
real(8), Dimension(1:1000):: sig, epsi 
INTEGER:: i 
REAL(KIND=8)::e,cnst,sig07,rn 
!-- Opening input data files 
Open(18,file='Mg2_cp.dat') 
!-- Opening file for output 
Open(19,file='Mg_2-graph.dat') 
!-- Reading input file into an array. i counter must be varied depending  
! on number of input data points. 
Do i =1,709 
 read(18,*) sig(i) 
End Do 
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close(18) 
!-- Echo above read 
!Do i =1,999 
!Write(*,*) sig(i), i 
!End Do 
!-- Defining constants in the equation 
  e =  41204.42d0 
  cnst = 3.0d0/7.0d0 
  sig07 =  245.d0 
  rn =  5.372d0 
  !-- Formula 
      Do i =1, 709 
        epsi(i) = (sig(i)/e)+ (cnst*((e/sig07)**(rn-1))*((sig(i)/e)**rn)) 
     End Do 
  !-- Writing to a file for output plots     
  Do i =1,709 
Write(19,*) epsi(i), sig(i) 
End Do     
End program 
 
TRIAL 3[Mg alloy] 
! Program stressstrain 
! IMPLICIT NONE 
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! implicit real*8 (a-h,o-z) !i,j,k,l,m,n 
!-- Declaring Arrays 
real(8), Dimension(1:1000):: sig, epsi 
INTEGER:: i 
REAL(KIND=8)::e,cnst,sig07,rn 
!-- Opening input data files 
Open(18,file='Mg3_cp.dat') 
!-- Opening file for output 
Open(19,file='Mg_3-graph.dat') 
!-- Reading input file into an array. i counter must be varied depending  
! on number of input data points. 
Do i =1,764 
 read(18,*) sig(i) 
End Do 
close(18) 
!-- Echo above read 
!Do i =1,999 
!Write(*,*) sig(i), i 
!End Do 
!-- Defining constants in the equation 
  e =  41204.42d0 
  cnst = 3.0d0/7.0d0 
  sig07 =  240.d0 
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  rn =  5.8667d0 
  !-- Formula 
      Do i =1, 764 
        epsi(i) = (sig(i)/e)+ (cnst*((e/sig07)**(rn-1))*((sig(i)/e)**rn)) 
     End Do 
  !-- Writing to a file for output plots     
  Do i =1,764 
Write(19,*) epsi(i), sig(i) 
End Do     
End program 
 
TRIAL 4[Mg alloy] 
! Program stressstrain 
! IMPLICIT NONE 
! implicit real*8 (a-h,o-z) !i,j,k,l,m,n 
!-- Declaring Arrays 
real(8), Dimension(1:1000):: sig, epsi 
INTEGER:: i 
REAL(KIND=8)::e,cnst,sig07,rn 
!-- Opening input data files 
Open(18,file='Mg4_cp.dat') 
!-- Opening file for output 
Open(19,file='Mg_4-graph.dat') 
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!-- Reading input file into an array. i counter must be varied depending  
! on number of input data points. 
Do i =1,645 
 read(18,*) sig(i) 
End Do 
close(18) 
!-- Echo above read 
!Do i =1,999 
!Write(*,*) sig(i), i 
!End Do 
!-- Defining constants in the equation 
  e =  41204.42d0 
  cnst = 3.0d0/7.0d0 
  sig07 =  238.d0 
  rn =  6.1008d0 
  !-- Formula 
      Do i =1, 645 
        epsi(i) = (sig(i)/e)+ (cnst*((e/sig07)**(rn-1))*((sig(i)/e)**rn)) 
     End Do 
  !-- Writing to a file for output plots     
  Do i =1,645 
Write(19,*) epsi(i), sig(i) 
End Do     
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End program 
 
TRIAL 5[Mg alloy] 
! Program stressstrain 
! IMPLICIT NONE 
! implicit real*8 (a-h,o-z) !i,j,k,l,m,n 
!-- Declaring Arrays 
real(8), Dimension(1:1000):: sig, epsi 
INTEGER:: i 
REAL(KIND=8)::e,cnst,sig07,rn 
!-- Opening input data files 
Open(18,file='Mg5_cp.dat') 
!-- Opening file for output 
Open(19,file='Mg_5-graph.dat') 
!-- Reading input file into an array. i counter must be varied depending  
! on number of input data points. 
Do i =1,757 
 read(18,*) sig(i) 
End Do 
close(18) 
!-- Echo above read 
!Do i =1,999 
!Write(*,*) sig(i), i 
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!End Do 
!-- Defining constants in the equation 
  e =  41204.42d0 
  cnst = 3.0d0/7.0d0 
  sig07 =  240.d0 
  rn =  5.8669d0 
  !-- Formula 
      Do i =1, 757 
        epsi(i) = (sig(i)/e)+ (cnst*((e/sig07)**(rn-1))*((sig(i)/e)**rn)) 
     End Do 
  !-- Writing to a file for output plots     
  Do i =1,757 
Write(19,*) epsi(i), sig(i) 
End Do     
End program 
 
 
 
 
 
 
 
 
119 
APPENDIX F 
MATLAB PROGRAM AND RESULTS 
MATLAB Program for Al Alloy: 
The input values for this program are the stress and strain values from taken from APPENDIX B 
[till value of strain 0.01] 
  
* Reading the input values from the excel file 
a=xlsread('Al_Input_Values','Aluminum 5');  
*Assigning the matrix dimensions to x and h 
x=a(:,1); 
h=a(:,2); 
[b m]=size(x); 
[c n]=size(h); 
*Initializing the value of area to be zero for the start 
area=0; 
*Repeated loop to calculate the area and store the value of calculated result in term area 
for i=1:b-1 
    area; 
    area=area+((x(i+1)-x(i))*(0.5)*(h(i+1)+h(i))); 
end 
area 
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Results for the Al Program: 
A1= 1.315 
A2= 1.31 
A4= 1.30 
A5= 1.30 
 
Converting these in terms of exergy we will have the following total exergy change  
TRAIL # TOTAL EXERGY CHANGE IN KJ/m² 
1 4175.13 
2 4159.25 
4 4127.5 
5 4127.5 
AVERAGE 4147.345 
MATLAB Program for Mg Alloy: 
The input values for this program are the stress and strain values from taken from APPENDIX B 
[till value of strain 0.01]  
 
* Reading the input values from the excel file 
a=xlsread('Mg_Input_Values','Aluminum 5'); 
*Assigning the matrix dimensions to x and h 
x=a(:,1); 
h=a(:,2); 
[b m]=size(x); 
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[c n]=size(h); 
*Initializing the value of area to be zero for the start 
area=0; 
*Repeated loop to calculate the area and store the value of calculated result in term area 
for i=1:b-1 
    area; 
    area=area+((x(i+1)-x(i))*(0.5)*(h(i+1)+h(i))); 
end 
area 
Results for the Mg Program: 
A1= 1.7255 
A2= 1.6697 
A3= 1.6691 
A4= 1.6880 
A5= 1.6291 
Converting these in terms of exergy we will have the following total exergy change values 
TRAIL # TOTAL EXERGY CHANGE IN KJ/m² 
1 5492. 75 
2 5302.25 
3 5302.25 
4 5365.75 
5 5175.25 
AVERAGE 5286.375 
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APPENDIX G 
UNCERTAINTY ANALYSIS 
 
The process of measurement is defined as the process of assigning a value to a physical variable. 
In every measurement there is an error as the true value is not exactly known.  Therefore, the 
measured value provides an estimate of the true value. Therefore, the error cannot be calculated 
exactly but a probability of an error is estimated.  This process of quantifying and identifying 
errors is called uncertainity analysis [24]. 
 
This particular measurement is performed on the Universal Testing Machine [UTM] experiment 
to find the error probability. This analysis is performed to make sure that the values obtained for 
true stress-true strain are within decent probability intervals. The relation between stress and 
strain is given by the following equation. 
   εσ E=                                                 (G.1) 
The relation between the stress and force is given by the following equation. 
 
A
F=σ                                                             (G.2) 
Comparing Eq. (G.1) and Eq. (G.2), the following equation is obtained. 
εAEF =                                                          (G.3) 
There are some assumptions to be made in performing the uncertainity analysis. They are as 
listed below  
1) Area A assumed to be a constant value  
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2) Young’s Modulus E has constant value 
 
The uncertainity of the strain can be calculated from Eq. (G.3) after its rearrangement, i.e.,   
AE
F=ε                                                            (G.4) 
The product of area of cross section and Young’s modulus can be replaced by a constant value as 
each of them is a constant. Replacing AE by some constant 1/C, the Eq. (G.4) transforms to the 
following equation. 
FC=ε                                                           (G.5) 
Based on Eq.(5.8) & Eq.(5.9) from the “Theory and Design for Mechanical Measurements”[24], 
the following equations are written. 
 
)(Ff=ε  and )( fufu =ε                                          (G.6) 
From Eq.(5.11) [24], the uncertainnity in the strain FC=ε  is given by the following equation. 
2
12 ])[( FFe uu θ±=                                               (G.7) 
Where the sensitivity indices are evaluated from Eq.(5.10) [24] as 
AE
C
FF
1==∂
∂= εθ                                                   (G.8) 
Therefore, the value is given by the following equation. 
2
12 ])[( FCuu ±=ε                                                (G.9) 
Therefore, substituting the values in Eq. (G.9), the uncertainity of the value of strain is obtained. 
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For Al alloy: 
C= (1/A.E) = 1/ (20.16 x 10-6 m² x 68.95 x 109 N/m²) = 0.71 x 10-6 (1/N) 
Therefore, the error in approximating the strain for this particular experiment is given by  
εu = 0.71x10± -6 (1/N) x 0.689 N = ± 0.50 x E-6 
For Mg Alloy: 
C= (1/A.E) = 1/ (20.16 x 10-6 m² x 45 x 109 N/m²) = 1.1 x 10-6 (1/N) 
Therefore, the error in approximating the strain for this particular experiment is given by  
εu = 1.1x10± -6 (1/N) x 0.689 N = ± .76 x 10-6
 
Therefore, the uncertainity for strain for Al alloy is found to be ± 0.50 x 10-6 and the uncertainity 
for strain for Mg alloy is found to be ± .76 x 10-6 at 95 % confidence interval.  
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 APPENDIX H 
PART I 
IRREVERSIBILITY AND ENTROPY GENERATION DERIVATIONS 
 
Exergy Change for a Closed System 
Exergy is a measure of the departure of the state of a closed system from the state the same 
system would have in equilibrium with the environment [32]. The exergy change between two 
states of a closed system is given as in the following equation. [32] 
)()()( 1201201212 SSTVVpUUBB −−−+−=−                            (H.1) 
where B represents the exergy, U represents the energy, S represents entropy and V represents the 
volume at states 1 and 2 respectively. And ,  are pressure and temperature determined by the 
state of the environment.  
0p 0T
 
Development of the Exergy Balance 
 
The forms of the energy and entropy balances used in the development are as follows. 
WQEE −∫=−
2
1
12 δ                                                          (H.2) 
σδ +∫=− bT
QSS )(
2
1
12                                                       (H.3) 
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where Q and W represent the heat and work transfers for the system of interest and its 
surroundings respectively and σ =Sgen represents of the entropy generation. In this equation, 
instead of using only internal exergy U as in Eq. (H.1), all exergy contribution is accounted for 
(kinetic, potential etc.).  
Multiplying the entropy balance by the temperature and subtracting the results from the 
energy balance, the following equation is obtained. 
0T
∫ −−−∫=−−− genb STWT
QTQSSTEE 00
2
1
12012 )()()(
δδ                       (H.4) 
Rearranging the terms and using the above Eq. (H.1), the following equation is obtained. 
gen
b
STWQ
T
T
VVpBB 0
2
1
0
12012 )1()()( −−∫ −=−−− δ                             (H.5) 
Again rearranging the terms in the above equation, the following equation is obtained. 
[ ] gen
b
STVVpWQ
T
T
BB 0120
2
1
0
12 )()1( −−−−∫ −=− δ                             (H.6) 
The terms on the left hand side of the equation represents the exergy change and the term  
represents the exergy destruction and the remaining terms represent the exergy transfer.  The 
term  refers to the B
genST0
genST0 BD of exergy destruction due to irreversibilities within the system.  
Therefore, the exergy loss can be represented as the following. 
DB =                                                          (H.7) genST0
 
Let a body of certain mass be heated from an average temperature of LT by a source at an 
average higher temperature HT . The entropy generation across the temperature difference due to 
transfer of heat is represented by the following equation. 
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⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
HL
gen TT
QS 11                                                              (H.8) 
Calculating the exergy loss for this particular case using Eq. (H.7), the following equation is 
obtained. 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −==
H
L
L
genD T
TT
T
QSTB 100                            (H.9) 
Note, in the considered case it is assumed that the both temperatures levels were kept at an 
average (constant) temperature. So, if one would like to represent the loss of exergy due to 
heating of a material during processing, either an average (mean) temperature of the product 
must be determined, or the determination of exergy loss Eq. (H.9) should be formulated starting 
with a differential exergy loss due to a delivery of dQ across the temperature difference 
that changes in time, represented as shown below. )(tTTT LH −=Δ
∫ −=∫ dQTtTdS HLgen
)1
)(
1(                                     (H.9 A) 
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 PART II 
LUMPED CAPACITANCE METHOD EQUATIONS AND VADILATION 
 
Let a body be body of certain mass be quenched from a higher temperature  to lower 
temperature . And let the quenching liquid be at a temperature of  as shown in the below 
figure. 
HT
LT 0T
 
Fig. H1 Cooling of a Hot Metal Forging 
Neglecting the temperature gradients (assumption validated by Biot Number) and balance 
equation. That is the rate of heat loss at the surface to the rate of change of the internal energy, 
the following equation is obtained.  
stout EE
.. =−                                                  (H.10) 
This can also be represented as the following. 
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( )
dt
dTVcTThA Ls ρ=−− 0                                     (H.11) 
Let 0TTL −=θ  and also realizing that ⎟⎠
⎞⎜⎝
⎛=⎟⎠
⎞⎜⎝
⎛
dt
d
dt
dT θ , the above equation can be represented as 
the following 
∫−=∫
t
is
dtd
hA
Vc
0
θ
θ θ
θρ                                        (H.12) 
where 0TTHi −=θ , 
Performing the integration for the above equation, the following equation is obtained. 
⎥⎦
⎤⎢⎣
⎡
⎟⎟⎠
⎞⎜⎜⎝
⎛−=−
−== t
Vc
hA
TT
TT
ortIn
hA
Vc s
H
L
i
i
s ρθ
θ
θ
θρ exp)(
0
0                         (H.13) 
And to calculate the energy transfer Q at sometime t, the following equation is written 
∫=∫=
t
s
t
dthAqdtQ
00
θ                                                      (H.14) 
Substituting θ  from Eq. (H.13) in the above equation, the following equation for heat transfer is 
obtained.  
( ) ⎥⎦
⎤⎢⎣
⎡ −−= )exp(1
t
i
tVcQ τθρ                                         (H.15) 
where 
s
t hA
Vcρτ =  
Validation of Lumped Capacitance System to this particular case 
 
Lumped Capacitance System is valid when the Biot Number, which is a dimensionless parameter 
value, is less than 0.1[25]. The equation for this is given as follows. 
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1.0<=
k
hL
Bi c                                                  (H.16) 
where h  is the heat transfer coefficient ,  is the ratio of volume to the surface area of the 
material used and k  is the thermal conductivity of the material.  
cL
 
Calculation of Biot Number for Al alloy 
s
c A
VL = = (1.025x10-6/0.00032)=3.2x10-3   
L
KN
h UL= =11.14 W/ m² K 
k = 233.6 W/ m K  
Hence, the Biot Number is equal to Bi= 0.00015 < 0.1 
Therefore, the assumption of lumped capacitance method is valid for Al alloy 3003 for that 
particular mass. 
 
Calculation of Biot Number for Mg alloy 
s
c A
VL = = (1.025x10-6/0.00032)=3.2x10-3  
L
KN
h UL= =11.14 W/ m² K 
k = 155 W/ m K  
Hence, the Biot Number is equal to Bi= 0.00022< 0.1 
Therefore, the assumption of lumped capacitance method is valid for Mg alloy AZ31 for that 
particular mass. 
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NOMENCLATURE 
σ  = Stress 
ε  = Strain 
E = Young’s Modulus of Elasticity 
7.0σ  = Secant Stress corresponding Secant Modulus 0.7 
85.0σ = Secant Stress corresponding Secant Modulus 0.85 
n = Characteristic constant which determines the shape of the curve 
β = Material constant obtained from tests 
(σ *,ε*) = The point of the end of stress-strain curve 
( yσ , yε ) = The point of the end of elastic limit 
t = Thickness of the flat plate 
l= Length of the flat plate 
A= Area (lt) 
I1= Area of the curve 
phmB , = Total exergy change  
plasticphmB , = Plastic exergy change  
MaxW = Maximum obtainable work  
EΔ = Change in exergy utilization 
LT = Lower temperature of the work piece 
oT = Temperature of the environment 
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HT = Higher temperature of the work piece 
Q = Heat transfers between the system under study and its surroundings  
t = Time  
genS = Entropy generation because of heating 
maxW = Maximum theoretical work obtainable 
h = Heat transfer coefficient  
SA = Surface area of the work piece 
V =Volume of the work piece 
ρ = Density of the work piece 
c = Specific heat at constant pressure 
K =Thermal conductivity of the work piece 
l =Length of the work piece  
Θ =Uncertainity  
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